University of Wollongong

Research Online
University of Wollongong Thesis Collection

University of Wollongong Thesis Collections

2013

Further contributions to the development of the
technical report IEC/TR 61000-3-13:2008 on
voltage unbalance management methodologies
Upuli Jayatunga
University of Wollongong

Recommended Citation
Jayatunga, Upuli, Further contributions to the development of the technical report IEC/TR 61000-3-13:2008 on voltage unbalance
management methodologies, Doctor of Philosophy thesis, School of Electrical, Computer and Telecommunications Engineering,
University of Wollongong, 2013. http://ro.uow.edu.au/theses/3998

Research Online is the open access institutional repository for the
University of Wollongong. For further information contact the UOW
Library: research-pubs@uow.edu.au

School of Electrical, Computer and Telecommunications Engineering

Further Contributions to the Development of the Technical
Report IEC/TR 61000-3-13:2008 on Voltage Unbalance
Management Methodologies

Upuli Jayatunga, BSc(Eng), MSc(Eng)

Supervisors
Assoc. Prof. Sarath Perera, Dr Philip Ciufo, Dr Ashish P. Agalgaonkar

This thesis is presented as part of the requirements for the
Award of the Degree of
Doctor of Philosophy
of the
University of Wollongong

September 2013

Declaration
I, Upuli Jayatunga, declare that this thesis, submitted in partial fulfillment of the
requirements for the award of Doctor of Philosophy, in the School of Electrical, Computer and Telecommunications Engineering, University of Wollongong, is wholly my
own work unless otherwise referenced or acknowledged. The document has not been
submitted for qualifications at any other academic institution.

Upuli Jayatunga
Date: 06 September 2013

ii

Abstract
The presence of excessive levels of voltage unbalance (VU) stands as a problem of
power quality that has far reaching consequences for both customers and electric
utilities. Thus, the development of well researched engineering practices is required
to maintain acceptable voltage unbalance levels while utilising the total voltage
unbalance absorption capacity of the power system.
Although the connection of an unbalanced installation changes the existing unbalance level at the point of evaluation (POE), the installation is not solely responsible for the total VU emission level that results at the POE. A provision should
be given to the contribution made by network inherent asymmetries as well. Thus,
location of VU emission contributors, allocation of individual emission limits, compliance assessment and implementation of any corrective measures have been found
to be key aspects of the total VU management process.
The International Electrotechnical Commission (IEC) Technical Report IEC/TR
61000-3-13:2008 prescribes guiding principles for coordinating negative sequence VU
between various voltage levels of a power system through the allocation of emission
limits to installations. Although the IEC report is based on widely accepted basic
concepts and principles, it requires refinements and original developments in relation
to some of the key aspects, especially compliance assessment at the post-connection
stage. Compliance assessment is a less developed area and is essential to ensure that
the emission limits set by the IEC VU emission allocation methodology in the preconnection stage are complied by an installation. This thesis primarily focuses on
the development of VU emission assessment techniques, thus making contributions
for further improvements to the IEC report.
The core hypotheses of the work brings a generalised approach for classifying
different sources of unbalance at the POE (covering both radial networks and interconnected networks) giving emphasis to the discrimination between customer and
network responsibility on VU emission. In the case of interconnected networks,
concurrently existing sources of VU, while taking their multiple interactions at the
iii

iv
POE into account, are analysed in a generalised manner. Accordingly, major emission contributors are identified as (a) contribution made by local load asymmetry,
(b) contribution made by local line asymmetries and (c) contribution made by background voltage unbalance asymmetries (taking into account the effect of VU propagation from upstream or surrounding busbars to the busbar under observation (i.e.
POE)). Mathematical models which are based on the use of complex voltage unbalance factors (VUFs) are developed to decompose the total VU emission at the POE
into its constituent components. Further, the proposed deterministic methodologies
utilise pre-connection and post-connection voltage/current measurements at busbars along with known system parameters, ensuring that such data can be relatively
easily established. Theoretical bases are verified using three-phase unbalanced load
flow studies in relation to several hypothetical and practical networks. The proposed
methodologies are used to examine the VU behaviour of a practical, interconnected
sub-transmission network giving emphasis to the identification of the most dominant
emission contributors and hence a ranking of emission sources is established.
Some of the key aspects used in the IEC VU emission allocation methodology are
reviewed using rigorous outcomes of proposed VU emission assessment techniques.
Similar to the counterpart IEC guidelines for harmonics (IEC 61000-3-6) and flicker
(IEC 61000-3-7) allocation, IEC/TR 61000-3-13 also apportions the global emission
allowance to an installation in proportion to the ratio between the agreed apparent
power and the total available apparent power of the system seen at the busbar
where it is connected. An additional factor, kuE is introduced to apportion the total
VU emission allowance between load and line asymmetries, of which a rudimentary
approach is provided for its evaluation. In this thesis, while giving a systematic
methodology to determine the kuE factor, a sensitivity analysis is carried out to
investigate its dependency on various power system parameters.
VU propagation is an important aspect in determining individual emission limits
to unbalanced installations. Although the IEC technical report IEC/TR 61000-313:2008 quantifies VU propagation from higher voltage to lower voltage levels in
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terms of transfer coefficients, and from one busbar to other neighbouring busbars
of a sub-system in terms of influence coefficients, the IEC method is proven to
have anomalies. The proposed VU emission assessment techniques can separate the
influence made by background unbalance on the total VU emission at the POE based
on which a systematic approach is presented to evaluate VU propagation coefficients
in a generalised manner considering different load types.
Although the resultant VU emission is theoretically defined as the vector summation of unbalanced voltage components caused by individual sources at the POE,
VU emission allocation methodology utilises the application of a general summation
law for accumulating numerous sources of unbalance to take into account the contributions made by random variations of unbalance. Outcomes of deterministic studies
are used to develop a statistical approach in order to assess the post-connection VU
levels by revising the existing general summation law which provides path ways to
initiate an economic analysis in relation to VU, adopting uncertainties involved in
the power system.
As an essential tool for carrying out the studies presented in this thesis, an
unbalanced load flow program based on the phase coordinate reference frame incorporating the component level load flow constraints and the three-phase modelling of
system components is developed in MATLAB in addition to the simulations carried
out in PSCAD/EMTDC and DIgSILENT PowerFactory platforms.
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V U FP OE,stat

95% probabilistic value of VUF
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VU contribution made by asymmetrical line at the POE
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VUF of the upstream source
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V U Fkd source
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Chapter 1
Introduction
1.1

Statement of the Problem

Voltage unbalance (VU) in electric power systems is primarily caused by asymmetrical distribution of loads and untransposed transmission lines which has adverse
effects on both supply utilities and customer installations. Three-phase rotating
machines are seen to be the major victim under unbalanced supply voltages where
the extra losses demand machine de-rating. Some power network operators find
difficulties in maintaining network VU levels under stipulated limits especially in
the case of interconnected networks. Thus, well researched engineering practices are
required to manage VU in power systems.
VU management essentially requires the total VU absorption capacity of the
power system to be distributed among all sources of unbalance including customer
installations. Although, the connection of an unbalanced installation changes the
existing unbalance level at the point of evaluation (POE), that installation is not
always solely responsible for the total VU emission level resulting at the POE as
network inherent asymmetries partly contribute to the net emission. In this regard,
International Electrotechnical Commission (IEC) Technical report IEC/TR 610003-13:2008 [1] provides guiding principles to system operators and owners in order
to determine connection requirements of unbalanced installations to public power
systems prescribing individual VU emission limits. The philosophy of this report
1

2
is similar to those of the counterpart IEC recommendations for harmonics (IEC
61000-3-6) [2] and flicker (IEC 61000-3-7) [3] allocation.
In order to evaluate individual emission limits, the IEC VU emission allocation
methodology derives the global emission allowance for a particular power system
employing planning levels, general summation law and VU propagation through VU
transfer and influence coefficients. Then, the total emission allowance is apportioned
to unbalanced installations taking into account network asymmetries using a ‘kuE
factor’ approach, which is seen to be a rudimentary direction as it disregards the
dependency on the load type and sensitivities to power system diversities [4].
VU emission assessment at the post-connection stage of installations is considered to be an integral part of the VU management process in power systems
as the imposed VU emission allocations should be assured against the compliance
assessment. The CIGRE/CIRED C4.109 joint working group report on emission
assessment techniques [5] provides some basic information regarding the compliance
assessment. However, this work does not cover sound and complete approaches
for evaluation of individual VU emission contributions made by different sources of
unbalance at the POE. Hence, the work presented in this thesis emphasises the development of sufficiently rigorous and comprehensive approaches for post-connection
VU emission assessment techniques.
Although, VU is known to be caused by load asymmetries and inherent network
asymmetries, location of VU emission sources and their individual contributions is
not a straightforward process, particularly in interconnected network environments.
Identification of sources of unbalance and quantification of their contributions at
the POE is important while understanding the complex interactions which take
place between the different sources of unbalance. Further, it is vital to be able
to determine principle emission contributors in a given power network since such
methodologies will facilitate the implementation of mitigation measures to reduce
network VU. Such techniques should ensure that the VU emission contributions
made by different sources of unbalance are determined using data which are not
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overly demanding, especially from a utility perspective. VU propagation in networks
is also an aspect which needs consideration in order to evaluate the influence made
by background unbalance sources in the emission assessment process.
In summary, the main thrust of the work presented in this thesis is to broaden
the development of VU management methodologies relevant to power systems, thus
paving paths for further improvements to the IEC Technical Report IEC/TR 610003-13:2008.

1.2

Research Objectives and Methodologies

The relationship of the work presented in this thesis to the existing IEC approaches
on VU management is illustrated in Fig. 1.1. The major research objectives can be
stated as follows:
• Development of novel, generalised methodologies for evaluation of constituent
components of the post-connection VU emission level at the POE in radial
and interconnected power systems [Blocks A, B, C, D in Fig. 1.1].
• Establishment of systematic approaches to identify different sources of unbalance and their influence on the resultant emission in complex network environments [Blocks A, B, C, D in Fig. 1.1].
• Development of novel methodologies to quantify VU propagation which takes
place from one busbar to another [Block E in Fig. 1.1].
• Review of the kuE factor approach used in IEC/TR 61000-3-13:2008 in relation
to apportioning of VU emission between load and network (line) asymmetries
based on the VU emission assessment outcomes [Block F in Fig. 1.1].
• Development of a statistical approach to evaluate post-connection VU emission
based on the concept of summation of VU.
Proposed post-connection VU emission assessment techniques incorporate theoretical formulations developed employing complex VU factors which utilise snap shot

4

IEC methodology on VU emission allocation

Planning levels and
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Effects of VU propagation
using VU transfer
coefficients
Global emission
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system
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VU emission assessment work covered in the Thesis

A.
VU emission assessment
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B.
Load contribution

C.
Line (network)
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E.
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factor approach
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voltage/current phasor
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D.
Upstream/background
unbalance source contribution

F.
Evaluation of VU
propagation coefficient

Figure 1.1: Block diagram representation of the work undertaken in this thesis and
its link to the existing IEC VU management process
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based voltage/current measurements and known system parameters. In the case of a
radial network, constituent components of the post-connection emission level at the
POE are classified as the contribution made by load asymmetry, the contribution
made by line asymmetry and the contribution made by an upstream unbalanced
voltage source. Mathematical formulation evaluates these decoupled components
in a generalised manner in such a way that asymmetries associated with individual
power system components are reflected by the respective decoupled formulation. Accordingly, asymmetrical line contribution is governed by the term ‘negative-positive
sequence coupling impedance’ of the line which is a measure of the line asymmetry. The contribution made by an upstream voltage source is established using a
scaled quantity of pre-connection emission measurement (which is equal to the emission made by the upstream voltage source) at the POE. The contribution made by
passive loads is established through a current unbalance factor (CUF). Different
load types are considered in the formulation, including three-phase induction motor
loads which exhibit VU emission attenuation at the POE, thus quantifying the VU
emission improvement made by the connection of an induction motor. VU emission assessment outcomes of different systems obtained by employing the proposed
methodologies are verified using unbalanced load flow analysis.
The VU emission assessment methodology developed for interconnected power
systems is capable of identifying and quantifying the contributions made by concurrently existing sources of VU while taking their interactions at the POE into account
in a more generalised manner. The new approach utilises only post-connection voltage/current measurements at busbar levels, providing new avenues for compliance
assessment in contrast to the conventional IEC approach on VU emission assessment. Theoretical outcomes are verified using a three bus test network and then
extended to the IEEE 14 bus test system using unbalanced load flow analysis. Generalised outcomes of the same assessment criteria are integrated to determine the
most dominant emission contributors in a practical power system (66 kV interconnected sub-transmission network) by implementing a ranking system of individual

6
emission contributors.
VU propagation is investigated in the study by reviewing the existing IEC approach and establishing a novel concept to evaluate VU propagation coefficients
based on the VU emission assessment outcomes which reveals the influence made
by network topology on VU propagation. The kuE factor approach for apportioning
VU emission between load and line asymmetries is also reviewed alongside the generalised emission assessment outcomes and an improved methodology is proposed
addressing the shortcomings of the existing approach. Further, some preliminary
work is established to implement a statistical methodology for VU emission assessment in power systems extending the IEC concept on general summation law
associated with VU.

1.3

Outline of the Thesis

A brief description on the contents of the remaining chapters is given below:
Chapter 2 is a literature review on the background information on VU in power
systems. It includes definitions, sources, effects and mitigation techniques of VU
followed by a brief overview of VU measurements, evaluation procedures, indices and
limits as per various standards and technical documents such as [1]. A key section of
this chapter describes the concepts and principles related to VU emission allocation
methodology prescribed in IEC/TR 61000-3-13:2008. The chapter also includes a
section on the general guidelines on compliance assessment as per CIGRE/CIRED
C4.109 working group report on emission assessment techniques [5].
Chapter 3 presents a novel, deterministic approach for VU emission assessment
in radial power systems. A mathematical formulation is developed to decompose resultant unbalance emission at the POE into individual emission contributions made
by different sources of unbalance. The already established IEC approaches related
to VU emission assessment are reviewed alongside generalised outcomes of the proposed methodology. The VU emission compensation provided by the connection
of three-phase induction motors at the POE are quantified using known system
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parameters.
Chapter 4 presents novel VU emission assessment techniques related to interconnected networks. The first part of the chapter describes a generalised approach for
classifying different sources of unbalance at the POE giving emphasis to discrimination between customer and network responsibility on the unbalance emission.
The latter part of the chapter establishes theoretical bases to evaluate constituent
components of resultant VU emission at busbar levels extending the concepts and
approaches used in relation to radial power systems.
As a continuation of the work presented in Chapter 4, Chapter 5 describes a case
study on VU emission assessment applied to a practical 66 kV sub-transmission interconnected network which was previously investigated in the literature regarding
the problem of VU. This network, which exhibits VU levels that exceed stipulated
limits, is re-investigated using the new approach presented in Chapter 4. The most
dominant emission contributors are identified by analysing emission assessment outcomes and a comparison of the previous approach and the new approach is also
incorporated in the study. Further, the new methodology is utilised to rank the influence made by asymmetrical lines based on their individual emission contributions
to facilitate VU corrective measures.
Chapter 6 examines the concept of VU propagation. The existing IEC approach
on evaluation of VU transfer and influence coefficients are critically reviewed. In
the proposed VU emission assessment methodology, the contribution made by neighbouring/upstream busbar voltage asymmetries reflect the portion of VU emission
which transfers from neighbouring/upstream busbars to the busbar under assessment. Hence, a novel concept is introduced to evaluate VU propagation coefficients
based on the generalised outcomes of post-connection VU emission assessment techniques.
Chapter 7 focuses on a comprehensive discussion on the determination of kuE /k0uE
factors based on the new emission assessment techniques. Separation of total VU
emission at the POE in to its constituent components allows the evaluation of kuE
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and k0uE as independent quantities. Thus, the validity of present kuE factor approach
is investigated highlighting the sensitivity of these factors to system characteristics
covering line asymmetry, type of load and the degree of unbalance which are disregarded in the IEC methodologies. Further, the work presented in this chapter
includes a phasor approach for kuE factor evaluation.
Chapter 8 concentrates on the development of a statistical methodology for VU
emission assessment. In this regard, VU emission assessment outcomes of radial
networks obtained using the application of the existing approach of unbalance summation is reviewed against the deterministic outcomes. Accordingly, a modified
general summation law is established, specifying the selection criteria of revised
summation law coefficients for different network configurations.
Chapter 9 summarises the major findings of the work presented in the thesis and
makes recommendations for future work.

Chapter 2
Literature Review
2.1

Introduction

This chapter presents general aspects of VU, followed by a review on the existing concepts and knowledge on management of VU in power systems. A general overview
on definitions, sources, effects and mitigation techniques of VU are given in Section 2.2. Essential electromagnetic compatibility concepts related to VU including
evaluation procedures as per standards are summarised in Section 2.3. Section 2.4
describes the aspects of coordination of VU emission in power systems based on
the VU emission allocation methodology given in IEC/TR 61000-3-13 [1]. Recent
investigations [4] on IEC concepts and methodologies of VU emission allocation are
further reviewed in order to broaden the proposed research context. The final section
describes general guidelines on post-connection VU emission assessment techniques
as per [5], establishing the background knowledge required for work presented in
Chapters 3 and 4.

9
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2.2

General Overview on Voltage Unbalance in Power Systems

2.2.1 Definition of Voltage Unbalance
Voltage unbalance is described as a condition in multiphase electric power systems
in which the magnitudes of the fundamental phase voltages are not equal and/or
the associated phase angle separations are different from the prescribed electrical
phase angle [1]. This description refers to a steady-state condition and short-term
unbalance which can occur during events such as asymmetrical faults does not fall
under the definition.
The level of VU can be specified using a number of definitions [6, 7]. The
widely used concept originates from the theory of symmetrical components which
mathematically decomposes a three-phase unbalanced system into three balanced
sub-systems known as positive, negative and zero sequence systems. Accordingly,
VU can exist in two forms in a three-phase power system: zero sequence and negative sequence unbalance. The presence of zero sequence unbalance is a concern
only when there is a path for the flow of zero sequence currents, especially when the
coupling transformer allows zero sequence currents to flow from higher voltage to
lower voltage systems and vice-versa [8]. It is generally noted that the zero sequence
unbalance can be controlled through system design and maintenance [1]. Conversely,
negative sequence unbalance is relatively significant and is of concern compared to
zero sequence unbalance as negative sequence current can flow through all power system components similar to positive sequence currents. Thus, the common practice
is to pay attention to negative sequence unbalance in power systems.
The IEC Technical Report IEC/TR 61000-3-13:2008 [1] quantifies negative sequence unbalance by evaluating the negative sequence voltage unbalance factor
(VUF) as the magnitude of the ratio of the fundamental negative sequence voltage
(U2 ) to positive sequence voltage (U1 ) components as given in (2.1). This quantifica-
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tion complies with most other standards/codes1 and international working groups2 .

V UF =

U2
U1

Although the common practice is to use the absolute value of the ratio

(2.1)
U2
U1

to

represent the degree of VU, the VUF actually represents a complex number which
carries phase angle information. There exists a collection of recent research based
on the complex VU factor to investigate various effects of VU [12, 13, 14]. Further,
IEC/TR 61000-3-13:2008 [1] takes into account the effect of the vectorial behaviour
of the VUF by introducing a general summation law3 in evaluating the emission
levels.
A convenient equivalent formulation which utilises only the magnitudes of the
fundamental RMS line-line voltages to evaluate V U F as given in 61000-3-13:2008
[1] is:
s
V UF =

√
1 − 3 − 6
√
1 + 3 − 6

(2.2)

where,
=

|Uab |4 +|Ubc |4 +|Uca |4
(|Uab |2 +|Ubc |2 +|Uca |2 )2

and

Uab , Ubc and Uca are the fundamental line-line, RMS voltages
The definition for VU given by National Electrical Manufacturers Association
(NEMA) [15] is shown in (2.3).

Voltage unbalance =

Maximum voltage deviation from the average line-line voltage
Average line-line voltage
(2.3)

It is important to note that the IEC definition is mathematically rigorous compared to the NEMA definition and the two definitions can sometimes lead to different
1

e.g. European EN 50160 [9], and National Electricity Code Australia (NECA) [10].
e.g. CIGRE/CIRED [5], International Union for Electricity Applications (UIE) [11]
3
See section 2.4.2
2
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outcomes when calculating the VU factors for the same scenarios.

2.2.2 Sources of Voltage Unbalance and their Effects
In power systems, three-phase voltages can become unbalanced at the distribution
level mainly due to unbalanced loads and system inherent asymmetries although
they are quite well balanced at the upstream generator [16]. Uneven distribution
of single-phase and two-phase loads4 and asymmetrical three-phase loads can cause
unbalanced currents which can lead to voltage unbalance, even if the line impedances
are symmetrical. On the other hand, a perfectly balanced three-phase voltage source
supplying a perfectly symmetrical load through an untransposed line can also lead
to unbalanced voltages at the load terminals due to the unequal mutual impedances
resulting from the asymmetrical electromagnetic coupling between the conductors of
untransposed/partially transposed overhead lines [19, 20, 21]. Further, unbalanced
transformer impedances and their connections also can contribute to unbalanced
voltages [16], especially open-wye open-delta transformers can significantly magnify
the VU of the primary system as they convert primary side zero sequence voltage
into negative sequence voltage on the secondary side [22].
The presence of VU adversely affects the operation of three-phase induction motors [23, 24, 25]. The major consequences when induction motors are supplied with
an unbalanced supply are: high unbalanced phase currents, reduced motor torque
and speed, increased noise and vibration. Additional heat produced in both stator
and rotor windings leads to a reduction in the motor efficiency, thus demanding
motor de-rating5 .
In the presence of supply voltage source unbalance, power electronic converters [16, 27] and arc furnaces [28, 29] produce uncharacteristic triplen harmonics in
addition to the characteristic harmonics in the input current. The resulting third
harmonic, if significant, can lead to resonance problems in the system. As the degree
4

e.g. LV appliances, electric traction motors [17, 18], induction furnaces.
Induction motors have to be derated depending on the level of VU at the point of connection
as depicted by the derating curve defined by International Union for Electricity Applications (UIE)
[26]
5
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of VU increases, excessive input currents in one or two phases may lead to tripping
of overload protection [16]. Further, modern AC drive systems also draw harmonic
currents [30] in the presence of VU, affecting the life and the size of the DC link
capacitor.
In addition, the presence of VU may lead to negative impacts on utility side
system components. Flow of negative sequence currents in overhead lines, cables
and transformers increases power losses, lowering their capacity [31, 32]. Threephase synchronous generators exhibit a phenomenon similar to that of three-phase
induction motors where the negative sequence current results in excess machine
losses and heating in addition to possible hazards to structural components [33]. The
impact of asymmetrical faults on the transient stability of synchronous generators
has been seen to be more severe in unbalanced systems [34, 35].

2.2.3 Mitigation of Voltage Unbalance
A key VU mitigation technique involves distribution of single phase and dual phase
loads equally across all three phases [36]. Balancing of electrical distribution systems
is facilitated by changing the system configuration through manual and automatic
feeder switching operations to transfer loads among circuits [37, 38]. These phase
reconfiguration techniques use load estimation algorithms to optimise feeder switching, but they cannot dynamically balance the system load since they are performed
in a discrete manner.
Theoretically, the complete transposition of overhead lines and/or the use of
proper tower arrangements negate the asymmetrical electromagnetic coupling effects, nullifying the VU which arise due to line asymmetries [39]. However, these
ideal conditions can rarely be achieved in practice due to economic constraints and
practical difficulties. Thus, the implementation of more appropriate design options
in terms of tower configuration [20] and phase positioning/swapping at transposition
points of multi-circuit lines [40, 41] are recommended.
When excessive VU levels are unavoidable, special balancing equipment can be
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installed at the utility and/or plant level [42, 43, 44]. Power electronic based static
compensators6 are set to balance the load current by the injection or absorption of
reactive power to or from the supply network. Some modern var compensators facilitate control algorithms for dynamically correcting voltage unbalance. Devices such
as unified power quality conditioners (UPQC) [46, 47] and hybrid active and passive
filters [48], which are capable of compensating various power quality disturbances
simultaneously, can be employed to mitigate unbalance as well.

2.3

Basic EMC Concepts related to Voltage Unbalance

As per [1], VU emission level is defined as the level of voltage unbalance that is
emitted from a system or disturbing installation as a whole, assessed and measured
in a specified manner. According to the IEC guidelines, in general, an individual
emission limit for any type of power quality disturbance is based on the effect that
the emissions would have on the quality of the voltage. In the case of VU, some
basic concepts are used to evaluate the quality of voltage specifying measurement
method, applicable location and how it is calculated.
The widely accepted standard IEC 61000-4-30 [49] for the measurement of power
quality disturbances prescribes the VU measurement and evaluation procedure for
instruments with Class A7 performance. Accordingly, fundamental components of
the three-phase line-line RMS voltages are to be measured over 10-cycle and 12cycle intervals for 50 Hz and 60 Hz systems respectively. A minimum measurement
period of one week is recommended and aggregated values are obtained over standard
time intervals of 3-seconds, 10-minutes and 2-hours. The method of quantification
of VU is as per (2.1). For instruments with Class B8 performance, relevant VU
measurement procedures have to be provided by manufacturers.
In typical power systems, various power quality disturbances can exist simulta6

E.g. passive static var compensators (SVC) [42], active static synchronous compensators
(STATCOM) [43], distribution STATCOMs (DSTATCOM) [45]
7
Precise measurements such as for the verification of compliance with standards.
8
Less precise measurements such as for statistical surveys
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neously and hence the measurement of a particular disturbance can be affected by
the presence of other background disturbances in the input electrical signal to the
measuring instrument. Thus, IEC 61000-4-30 defines limits for the uncertainty of
instruments with Class A performance when each background disturbance is within
a specified range of variation.

2.3.1 Compatibility Levels
Any power quality disturbance must be limited to a level which is tolerable by the
connected equipment in the power system. Thus, compatibility levels are defined9
as reference values for coordinating the emission and the immunity of equipment
in order to ensure the EMC of the whole system. Equipment must be designed to
ensure the immunity to the disturbance at least up to the compatibility level and
utilities are required to maintain the power quality disturbance level at or below the
compatibility level. Due to the stochastic nature of power quality phenomena, compatibility levels are generally based on 95% probability levels of the entire system,
using statistical distributions which represent time variations of the disturbance.
The IEC compatibility standards (IEC 61000-2-2 [50] and IEC 61000-2-12 [51]) provide 2% compatibility level for VU in medium voltage (MV) and low voltage (LV)
power systems allowing an excursion of up to 3% in some areas where predominantly
single-phase loads are connected. The IEC has not defined compatibility levels for
HV and EHV systems.

2.3.2 Planning Levels
Planning levels of VU are specified by the system operators as internal quality objectives for the purpose of determining emission limits. They are aimed at the
coordination of VU between various voltage levels such that the respective compatibility levels are not exceeded. The planning level is usually equal to or lower
than the compatibility level and may differ from case to case depending on the net9

As per IEC 61000-2-2 [50] and IEC 61000-2-12 [51]
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2.3.3 Customer Emission Levels
Individual emission limits are imposed on major installations such as high speed
railway systems in order to limit the overall emission levels below system compatibility levels. Different countries have various approaches for determining emission
levels, indices and evaluation methodologies [4]. The VU coordination approach
recommended in the IEC Technical Report IEC/TR 61000-3-13:2008 [1] prescribes
guiding principles for evaluating emission limits for individual customers based on
planning levels which are discussed in the following section.

17

2.4

Coordination of VU Emission Levels in Power Systems

Development of systematic approaches for managing VU in a power system is essential in order to meet the electromagnetic compatibility levels of the entire system.
VU management essentially involves two major aspects: VU emission allocation at
the pre-connection stage and compliance assessment at post-connection stage of installations. The IEC Technical Report IEC/TR 61000-3-13:2008 provides guiding
principles to system owners and operators to determine the connection requirements of unbalanced installations to public power systems. This emission allocation
methodology coordinates VU at different voltage levels by limiting the injection
from total individual customer installations and system inherent sources of VU to
a level at or below the set planning levels when the system is fully utilised to its
designed capacity. While, some preliminary work exists on VU emission assessment
in [5], which is discussed in Section 2.5, development of post-connection VU emission assessment techniques is still a topic of interest. A significant volume of the
work presented in this thesis covers work related to post-connection VU emission
assessment techniques.

2.4.1 Guiding Principles on Voltage Unbalance Emission Allocation
as per [1]
The established methodology on setting emission limits to unbalanced installations
depends on the VA rating of an installation, the short circuit capacity of the system and network characteristics. The IEC Technical report refers to an unbalanced
installation as a complete three-phase installation, i.e. including both balanced and
unbalanced parts which cause VU. Connection of single-phase and dual-phase customer equipment is not specifically addressed and the distribution of these loads
evenly across the three phases is considered to be the responsibility of the system
operator. The primary objective is to limit the total emission that arises due to all
individual customer installations and inherent network asymmetries to a level that
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would not exceed the set planning levels. Three stages of evaluation are defined
based on the VA capacity of the installation.
• Stage 1 - connection of small installations (with a small degree of voltage
unbalance) which fulfill the criteria given by (2.4) can be connected without
detailed evaluation of their emission characteristics. That is, no emission limit
will be imposed on these installations.
Sui
≤ 0.2%
Ssc

(2.4)

where,
Sui - single-phase power equivalent (line-line or line-neutral equivalent) of the
unbalanced installation i
Ssc - three-phase short-circuit power at the POE
• Stage 2 - if an installation does not meet Stage 1 criteria, it should comply
with an imposed emission limit based on a certain criteria assigned by the
system operator. This approach of setting individual emission limits will be
discussed in Section 2.4.5.
• Stage 3 - connection of an installation which would fail to comply Stage 2
emission limit can be conditionally accepted under some provisions. These
situations can exist under practical circumstances where some customers do
not produce significant emission levels up to the margin that they are given
or all unbalanced installations never operate simultaneously and due to conservative system characteristics.
The detailed VU emission allocation methodology prescribed in [1] essentially
refers to the evaluation procedure of Stage 2 emission limits for LV/MV systems
and HV/EHV systems. The philosophy of this allocation approach is similar to that
of the counterpart IEC harmonic [2] and flicker [3] allocation methods. However, an
additional aspect is involved in the case of VU, i.e. a provision is given to account for
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the emission which arises as a result of system inherent asymmetries in apportioning
the total emission absorption capacity of the system between individual installations.
The key concepts used in the IEC emission allocation methodology can be summarised as follows.

2.4.2 General Summation Law
By definition, VU emission at a POE is the vector summation of unbalanced voltage10 components which arise as a result of the interaction of various sources of
unbalance. The dynamic nature of the power system causes VU to randomly vary
in time. Thus, representation of all scattered emission vectors in time as stochastic
quantities using the following general summation law avoids the need for phase angle
information:
u=

qX
α

(ui )α

(2.5)

where,
u - magnitude of the resulting VUF for the considered aggregation of unbalance
sources (probabilistic value)
ui - magnitude of various individual VU emission levels to be combined
α - summation law exponent

The summation law exponent depends on the chosen value of the probability level,
number of random variations considered and the degree to which the individual unbalance levels vary randomly in terms of phase and magnitude. IEC/TR 61000-3-13
gives an indicative value for α as 1.4 considering a 95% non-exceeding probability and the fact that the operation of most unbalanced installations is unlikely to
produce simultaneous or in-phase emissions in practice.
10

negative sequence
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2.4.3 VU Propagation
The concept of VU propagation has been included in the IEC emission allocation
methodology [1] by introducing two quantitative measures: VU transfer coefficient
and VU influence coefficient.
As per [1], the VU transfer coefficient can be defined as the level of VU which
transfers from an upstream location (usually at a higher voltage) of a radial network
to a downstream location (usually a lower voltage) through an impedance as given
in (2.6) [4]. It is used in evaluating the global emission allowance to account for the
amount of VU that transfers to downstream from the upstream system.

Tus−i =

ui
uus

(2.6)

where Tus−i is the VU transfer coefficient which represents VU propagation from an
upstream system (us) to the ith system, ui and uus are VU factors in ith system and
upstream system respectively.
The IEC technical report recommends that system operators can determine the
transfer coefficient through simulations or measurements depending on the system
characteristics. It also provides an approximate method to determine the VU transfer coefficient from MV (upstream) to LV (downstream) (TuM L ) as given in (2.7)
[1].
TuM L =

1
s −1
1 + km kksc+1

(2.7)

where km is the ratio of rated motor load (in MVA) to the total load (in MVA)
connected at the LV busbar; ks is the ratio between positive and negative sequence
impedances of the motor load supplied by the LV busbar; ksc is the ratio of short
circuit power to total load (in MVA) connected at the LV busbar.
In the case of passive loads11 , TuM L in (2.7) results in a unity transfer coefficient
whereas it gives a value less than unity in relation to industrial load bases containing
large proportions of mains connected three-phase induction motors. That is, motor
11

e.g. constant current, constant impedance, constant power loads or their combinations

motors, and a unity transfer coefficient in relation to passive loads49 in general. T

is, motor loads help attenuating voltage unbalance as it propagates from higher v
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Further studies in relation to VU propagation [4, 53] which addressed the defi-

Typically, ks can be in the range of 5 to 7.
of current,
the IEC approach
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and HV-MV transfer coefficients as shown in (2.8) and (2.9).

TM V −LV ≈ h

THV −M V ≈ 

1+

h

1
1 + j ksc−lv
∠θpf

1+

km klv
ksc−mv

i

km ks
ksc−lv

i

kz

kpq

1 + j ksc−lv ∠θpf :z 1 + j ksc−lv ∠θpf :pq

ks
1+ k km ks
sc−lvagg

β

(2.8)

1
1 + j ksc−mv
∠θpf :mv

pqmv
zmv
1 + j kksc−mv
∠θpf :zmv 1 + j kksc−mv
∠θpf :pqmv

β

(2.9)
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where;
kz , kpq - ratios of constant impedance and constant power loads (in MVA) to the total
load (in MVA) supplied by the LV busbar respectively (subscript mv in (2.9) for
Thv−mv indicates the load supplied by the MV busbar)
θpf , θpf :z , θpf :pq - power factor angles of the total load, constant impedance and constant power loads supplied by the LV system respectively
km - ratio between the rated motor load (in MVA) and the total load (in MVA)
supplied by the LV system
ks - ratio between positive and negative sequence impedances of the motor load supplied by the LV system (typically, 5 < ks < 7)
β ≈ −1 and −2 for low (≈ 0.9) and high (≈ 1) lagging pf conditions respectively
ksc−lv - ratio between the LV short circuit level (in MVA) and the total load (in
MVA) supplied by the LV system, 10 < ksc−lv < 25 and 5 < kmv−lv < 15 for practical systems
ksc−lvagg - ratio between the short-circuit capacity (in MVA) at the LV busbar (aggregation of all LV busbars supplied by the MV busbar under evaluation), and the
total load (in MVA) supplied by the LV system.
Equations (2.8) and (2.9) suggest that the transfer coefficient is < 1 for motor
loads, and is ≥ 1 for passive loads. However, a value less than unity in the case
of motor loads is significant compared to the increase shown for the case of passive
loads. Noting that ksc−mv < ksc−lv , the amplification which takes place in the
presence of passive loads in the HV to MV propagation is greater than that in the
case of the MV to LV propagation. Further, in the case of motor loads, a higher
degree of reduction can be expected in the HV to MV propagation than that in the
MV to LV propagation.
Although (2.8) and (2.9) can characterise the VU transfer in HV, MV and LV
networks with different load types, it seems to be very complex and is based on
several approximations. Further, the new formulation ((2.8) and (2.9)) extends the
same IEC approach so that network characteristics are utilised through the use of
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short circuit capacity at the point of evaluation.
The influence coefficient (ki−x between busbars i and x) gives a measure of VU
propagation from one busbar to another busbar of a subsystem at a particular voltage level through transmission lines and is defined as the VU which arises at busbar
x when 1 pu of negative sequence voltage is applied at busbar i. This is employed
in the emission allocation procedure for HV/EHV systems in determining the total
available apparent power as seen by the busbar under observation to account for the
contributions made by neighbouring busbars. The IEC report does not provide any
guidance for evaluating ki−x . Based on the work presented in [4, 54] this influence
coefficient has been found to be approximately unity in the case of passive loads
and is considerably smaller than unity in the presence of induction motor loads
connected at busbar x.

2.4.4 kuE factor
The IEC emission allocation methodology defines the kuE factor to represent a fraction of global emission allowance that can actually be allocated to unbalanced installations. Conversely ‘k0uE ’ which is defined as ‘1-kuE ’ represents the emission
allocation corresponding to network asymmetries. The Technical Report IEC/TR
61000-3-13:2008 does not provide any systematic approach to evaluate these factors
other than the set of indicative values as given in Table 2.1 and recommends system
operators to determine kuE and k0uE factors for their specific networks by considering the prevailing line construction practices and system characteristics. System
operators are responsible for maintaining their networks such that ‘k0uE ’ allows an
equitable share of the busbar allowance between unbalanced installations and system
inherent asymmetries.
Based on the IEC explanation, the work presented in [4, 55] provides an extended
definition on the ‘kuE factor’ as shown in (2.10) and (2.11).

kuE =

uloads
uglobal

α
(2.10)
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Table 2.1: Indicative values for kuE (adopted from [1])
System characteristics
kuE factor
Highly meshed system with generation locally connected near
load centres.
Transmission lines fully transposed, otherwise lines are very 0.8-0.9
short (few km).
Distribution systems supplying high density load area with
short lines or cables and meshed systems.
Mix of meshed system with some radial lines either fully or 0.6-0.8
partly transposed. Mix of local and remote generation with
some long lines.
Distribution systems supplying a mix of high density and suburban area with relatively short lines (<10 km).
Long transmission lines generally transposed, generation
mostly remote.
Generally radial sub-transmission lines partly transposed or 0.5-0.6
untransposed.
Distribution systems supplying a mix of medium and low density load area with relatively long lines (>20 km).
3-phase motors account for only a small part of the peak load
(e.g. 10%).

k0uE


=

ulines
uglobal

α
(2.11)

where uglobal is the total VU emission allowance evaluated for the considered system
(in terms of VUF); uloads and ulines are VU emission allowances (in terms of VUF)
given to load and line asymmetries respectively.
In the general IEC methodologies, the absence of phasor information and the nature of random variations of all emission vectors are accompanied in the derivations
by introducing the general summation law. Accordingly, the extended work in [4, 55]
defines kuE and k0uE in terms of magnitudes of emission vectors and the summation
law exponent (α) to account for the aggregation of various unbalance emission levels
which may vary in magnitude and phase over time. A similar approach is used in
[5, 56] to derive kuE using the well known IEC outcomes of VU emission due to load
asymmetries and line asymmetries as given by (2.12) and (2.13) respectively.
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VU emission due to load asymmetries (|u2,i−load |);

|u2,i−load | =

|U2,i−load |
Si
=
|CU Fi |
U1
Ssc

(2.12)

where U1 is the positive sequence voltage of the busbar under consideration, Si
is the VA loading level of the installation, Ssc is the short circuit capacity at the
POE and CU Fi is the negative sequence current unbalance factor (i.e., the ratio
of negative sequence to positive sequence current) drawn by the installation under
consideration.
VU emission due to line asymmetries (|u2,i−line |);

|u2,i−line | =

|U2,i−line |
Si Z12
=
U1
Ssc Z11

(2.13)

where, Z12 is the positive-negative sequence coupling impedance of the upstream
network, and Z11 is the positive-sequence impedance of the upstream network.
Accordingly, kuE is derived as shown in (2.14) [5, 56].

kuE

|CU Fi |α
α

=
|CU Fi |α + ZZ12
11

(2.14)

2.4.5 Evaluation of VU Emission Limits for Individual Installations
The IEC Technical Report [1] provides guiding principles for determining individual
emission limits in an equitable manner adopting the discussed key concepts. The
primary steps of the evaluation procedure can be summarised as follows:
• Evaluation of global emission allowance for the desired sub-system based on the
planning levels employing the general summation law (for combining emissions
arising due to numerous sources of voltage unbalance) and VU propagation
through a transfer coefficient.
• Apportioning of the global emission allowance to individual busbars based on
the ratio of agreed power to the total power capacity of the sub-system.

Considering the actual absorption capacity of the system, due to the transfer factor and pha
differences of the unbalanced currents as well as the system impedance and future loa
higher emission limits than those according to stage 1 may be granted.
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In this stage, the allowable global contribution to the overall level of disturbance
apportioned to each individual installation in accordance with its share of the total capacity
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And by algebraic manipulation, equation (3’) gives the global contribution to volta
where
LuMV
LuUS are
levelsinherent
(in termsasymmetries,
of the VUF) ofasthe
unbalance that
can
be and
allocated
to the
the planning
MV system
well as to t
total of MV and LV unbalanced installations that can be supplied from the considered M
system under assessment and the upstream (us) system respectively, α is the
busbar:
12

upstream system may be a HV or another MV system for which planning levels have been
already set before.

G u MV +LV = α LαuMV − (TuUM ⋅ L uUS )

α

(
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summation law exponent and TuU M is the transfer coefficient from the upstream system to the downstream system under assessment.
• Then, the global emission allowance for the given MV system (GuMV+LV ) can
be determined by the algebraic manipulation of (2.15) as shown in (2.16).

GuMV+LV =

q
α
LαuMV − (TuUM LuUS )α

(2.16)

• A fraction of global emission allowance (GuMV+LV ) is separated using kuE factor
to accommodate total emission caused only by unbalanced installations.
• Then, the individual customer emission limits (Eui ) are derived based on an
approach which considers the ratio between the agreed power (Si for the installation i) and the total supply capacity of the MV system (St ) as shown in
(2.17).

p
Eui = α kuE GuMV+LV

r
α

Si
St

(2.17)

In the case of emission allocation related to HV and EHV systems, the same
procedure discussed above is used with some approximations in the assessment of
St which is difficult to determine in an interconnected network environment. The
first approximation is to consider the total apparent power of installations which is
to be supplied by the busbar under evaluation in the foreseeable future. This can
be estimated as the sum of all power flows leaving the busbar while ignoring all
power flows between the considered busbar and other busbars. The second approximation is to consider the total apparent power of installations as seen at the busbar
under evaluation as the sum of power flows leaving the busbar while including all
power flows between the considered busbar and other busbars. This approximation
assumes that the emissions made by installations supplied by neighboring busbars
make a direct impact on the considered busbar, which is intended to be conservative, particularly for highly meshed HV and EHV networks. Thus, the influence
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coefficient13 is used as shown in (2.18) to assess the total apparent power taking the
influences of neighbouring busbars into account.

Ss:x−total = k1−x Ss:1 + k2−x Ss:2 + ... + Ss:x + ... + ki−x Ss:i + ... + kn−x Ss:n

(2.18)

where,
Ss:x−total - total available power of the entire sub-system as seen at the busbar x
Ss:i - total power to be supplied by a busbar i, where i = 1, 2, 3..., n, i 6= x
ki−x - VU influence coefficient between the busbar i and the busbar x.

2.5

General Guidelines on VU Emission Assessment

VU emission assessment techniques at the post-connection stage mainly concentrate
on the location of disturbing sources, discrimination of the total VU emission between network and the customer contributions, and the assessment of the individual
VU emission levels. In this regard, CIGRE/CIRED C4.109 report [5] on emission
assessment techniques establishes a simple approach to determine the emission made
by unbalanced installation as given below.

=
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Figure 2.4: Illustration of pre-connection and post-connection stages of an unbalanced load at the POE [5]
Referring to Fig. 2.4, the sequence voltages at the POE can be described as
a function of the sequence currents drawn by the connected installation and the
sequence impedance matrix Z012,t of the upstream network (e.g. transmission line).
13

As discussed in 2.4.3
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the sequence voltage vector at the POE and




 is the open circuit voltage vector at the POE (upstream/source volt


Hence, the negative sequence voltage at the POE (U2 ) can be written as shown
in (2.20)
U2 = U2,oc − (Z20,t I0 + Z21,t I1 + Z22,t I2 )

(2.20)

where U2,oc is the open circuit negative sequence voltage which can be established
using pre-connection voltage measurement (U2,pre−connection ) at the POE. U2 can be
obtained from the post-connection voltage measurement (U2,post−connection ) at the
POE. The following comments are applicable to the three voltage drop terms in
(2.20):
• Negative-zero sequence impedance, Z20,t is relatively small and I0 = 0 in many
situations and hence Z20,t I0 can be ignored.
• Negative-positive sequence coupling impedance of the line, Z21,t , takes a finite
value only if the upstream network is asymmetrical. Thus, Z21,t I1 is the negative sequence voltage that arises as a result of the asymmetrical upstream
network itself and can be defined as the system inherent unbalance (U2,i−line ).
This term can be of significance since I1 is usually large.

30
• Z22,t I2 can be of significance if there is an unbalanced current due to load
unbalance (assuming that there are no contributions to I2 from upstream unbalance and asymmetrical upstream impedances). Therefore, this term is the
negative sequence voltage which arises as a result of the load unbalance and
is defined as the load unbalance emission (U2,i−load ).
Hence, ignoring the zero sequence unbalance (term Z20,t I0 ), U2 can be re-expressed
as shown in (2.21):

U2 = U2,oc − (Z21,t I1 + Z22,t I2 ) = U2,oc + U2,i

(2.21)

where U2,i is the negative sequence VU emission resulting from the connection of
installation which consists of asymmetrical load and line contributions as shown in
the phasor diagram of Fig. 2.5.

U2,post-connection

U2,i-line
U2,i
U2,i-load

U2,pre-connection

Figure 2.5: Vectorial representation of negative sequence voltages at the POE
Connection of the installation can lead to an increase or a decrease of the resultant VU level (ie. post-connection VU emission) at the POE as shown in Fig. 2.6.
At the post-connection stage of the installation, if the net unbalance level decreases
(Fig. 2.6-(b)), no emission assessment has to be carried out in relation to the par-

31
ticular installation. Conversely, if the net unbalance increases (Fig. 2.6-(a)), the
fraction of the emission level which the installation is responsible for (U2,i(load) ) has
to be evaluated [1].
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Figure 2.6: Comparison of VU emission level at POE before and after the connection
of installation
Referring to (2.21), the approach given in [5] is to evaluate unbalance emission levels based on pre-connection and post-connection measurements at the POE.
Having suitable measurement results with phase angle information (pre- and postconnection), the VU emission caused by the connection of the installation U2,i can
naturally be established as given by (2.22). If the phase angle information is not
available, as directed in IEC/TR 61000-3-13:2008 [1], the summation law (α = 1.4)
is applied to determine the emission |U2,i | as shown in (2.23).

|U2,i | = |U2,post−connection − U2,pre−connection |

(2.22)

1

|U2,i | = (|U2,post−connection |α − |U2,pre−connection |α ) α

(2.23)

Now, the challenge lies in the decomposition of U2i to determine the individual
contributions made by different sources of unbalance in the network (i.e., asymmetrical supply network impedances and the unbalanced installation) for which a
comprehensive methodology or methodologies do not exist. In this regard, [5] sim-
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ply uses the same IEC/TR 61000-3-13:2008 approach: the contribution made by
load asymmetry is separated using the ‘kuE ’ factor which represents the fraction of
global emission allowance that can be allocated to unbalanced installations. As an
alternative method, asymmetrical load contribution is assessed using the CUF as
given in (2.12) and the system inherent unbalance is governed by (2.13)14 .
The CIGRE/CIRED report [5] makes the following assumptions in assessing the
post-connection VU emission levels as discussed above.
• The POE is dedicated to the unbalanced installation under consideration.
• Connection of an installation does not influence the background unbalance.
• The negative sequence current flowing in the network can be caused by three
sources: background unbalance, network impedance asymmetries and load
asymmetry. The influence made by the negative sequence current components
that arise as a result of the background unbalance and the network impedance
asymmetries on the negative sequence voltage at the POE is assumed to be
negligible compared to that of the load asymmetry.
In practice, the validity of the last two assumptions is questionable as the connection of an unbalanced load may influence the upstream/surrounding system due
to the additional negative sequence voltage drops developed through unbalanced
load current. Further, some practical networks have been investigated where it has
been found that more than 50% of total system unbalance is caused by the network asymmetries [57, 58]. Conversely, upstream or background unbalance levels
are attenuated when they propagate to downstream systems in the presence of large
three-phase induction motor load bases [53, 59].

2.6

Chapter Summary

This chapter has provided general information in relation to voltage unbalance,
which include definitions, sources, effects, mitigation techniques, measurements and
14

See Section 2.4.4
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basic EMC concepts.
The key sections of the chapter have given critical discussions on the IEC guidelines on VU allocation and the preliminary work in relation to the compliance assessment. Step by step procedures of the development of Stage 2 emission limits
together with the related aspects, i.e. VU propagation, concept of kuE factor and
the general summation law, have been described, establishing the background information relevant to the remaining chapters. Further, general guidelines on the VU
emission assessment at the post-connection stage as per CIGRE/CIRED working
group report [5] were discussed in detail to identify extended research scope for the
development of comprehensive methodologies for compliance assessment which is
strongly linked to the main thrust of this thesis.

Chapter 3
Voltage Unbalance Emission
Assessment in Radial Networks
3.1

Introduction

As emphasised in Section 2.4, compliance assessment of unbalanced installations
to ensure that the allocated emission limits are assured, can be considered as an
integral part in the VU management process. The present IEC approach [5] is to
evaluate the VU emission caused by the connection of an installation (U2,i ) using preand post-connection voltage measurements at the POE given by (2.22) (or (2.23)).
Although, the connection of load changes the pre-connection VU level at the POE,
load is not solely responsible for the total VU emission which is partly contributed by
the line asymmetry as well. In this regard, methodologies for evaluating individual
emission contributions made by different sources of unbalance do not exist, except in
the cases where the unbalance arises at the POE as a result of only load asymmetry
or only line asymmetry as stated in (2.12) or (2.13) respectively.
VU emission assessment techniques focus on the separation of the post-connection
VU emission level at the POE in to its constituent components, locating all sources
of unbalance in a generalised manner. In developing such methodologies, pre- and
post-connection data requirements need to be given due consideration to ensure that
such data can be easily established.
34
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The main objective of this chapter is to lay the foundation work on compliance assessment techniques covering radial power systems. Thus, the primary work
covered in this chapter includes:
• a generalised interpretation on classification of unbalance sources at the POE
in radial power systems;
• new deterministic approaches to establish constituent components of postconnection VU emission level at the POE in radial power systems.
The proposed methodologies are based on the use of complex VU factors and
utilises pre- and post-connection voltage/current measurements together with known
system parameters. Mathematical formulations are developed in such a way that
inherent asymmetries associated with individual sources are reflected by the respective decoupled formulations. Thus, individual emission contributors as identified
by load asymmetry, line (network) asymmetry and the upstream source unbalance
can be assessed regardless of the balanced/unbalanced nature of the power system
components.
Section 3.2 describes the development of the theoretical bases for the determination of individual VU emission contributors at the POE in a radial power system.
Different load types are considered in the proposed methodology and the corresponding verifications carried out by employing 3-phase unbalanced load flow analysis and
other simulations are presented in Section 3.3.

3.2

Evaluation of Individual VU Emission Contributions at
the POE: Theoretical Bases

The linearity property of negative sequence variables [1, 4] is employed in establishing the new methodology for the separation of different VU contributors. That is,
the resultant negative sequence voltage at the POE (that arises as a result of the
interaction of various sources of unbalance) is equal to the phasor summation of the
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negative sequence voltage components which arise due to individual sources of unbalance at the POE. Accordingly, negative sequence VUFs are derived by normalising
with respective to positive sequence voltages.
Usend

Urec

I

Tx line
Zt

Zsend

POE
Zrec

Load
ZL = Zrec

Figure 3.1: Radial power system
The theoretical bases are developed considering a radial power system as shown
in Fig. 3.1, in reference to which the following points are to be noted:
• The power system is assumed to operate under sinusoidal steady state conditions.
• The POE is considered to be dedicated only to the unbalanced installation
under consideration.
• Presence of unbalance at the POE is caused by load asymmetry, line asymmetry and unbalance in the source (background unbalance). Therefore, all power
system elements (source, load and line) are analysed in a generalised manner noting that all of these components can contribute to the total unbalance
emission level at the POE.
• Zero sequence behaviour is ignored assuming three wire systems1 .
• Theoretical bases are developed in terms of complex voltage/current unbalance
factors at the POE. Thus, it is assumed that all voltage/current measurements
in either pre- or post-connection stages at the POE are obtained as synchronised phasor quantities.
1

As stated in Section 2.2, IEC/TR 61000-3-13 considers that zero sequence behaviour can be
controlled through system design and maintenance.
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• Installation (load) is represented as a coupled impedance matrix in the case
of passive loads (coupling impedances are present when converting unequal decoupled phase impedances into sequence domain) and as a decoupled impedance
matrix in the case of induction motors in the sequence domain.

3.2.1 Separation of VU Emission Contributors: Passive Loads
VU emission caused by the connection of different types of passive loads (i.e. constant impedance, constant current and constant power type loads) at the POE is
investigated in this section to develop the VU emission assessment criteria.

Constant Impedance Loads
Referring
radial power system shown in Fig. 3.1, the sequence voltages at the
 to the 
 U0,rec 


 can be written as shown in (3.1).
POE - 
U
1,rec




U2,rec
 

 


 U0,send   Z00,t Z01,t Z02,t   I0   U0,rec 
 


 

 


 
 U
(3.1)
 1,send  =  Z10,t Z11,t Z12,t   I1  +  U1,rec 
 


 

Z20,t Z21,t Z22,t
I2
U2,rec
U2,send
 where, 
 U0,send 


 U

 1,send  is the sending end voltage (upstream/source voltage) vector which can


U2,send
be obtained
 as an open circuitvoltage at the POE, and
 Z00,t Z01,t Z02,t

Z012,t = 
 Z10,t Z11,t Z12,t

Z20,t Z21,t Z22,t
sion line.



 is the sequence impedance matrix of the transmis


Then, positive and negative sequence voltages at the sending end (i.e., the source
end) (U1,send and U2,send ) can be extracted neglecting zero sequence unbalance as
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given by 3.2 and 3.3

U1,send = U1,rec + (Z11,t I1 + Z12,t I2 )

(3.2)

U2,send = U2,rec + (Z21,t I1 + Z22,t I2 )

(3.3)

where;
U1,rec and U2,rec are the positive and negative sequence voltages at the POE respectively,
I1 and I2 are the positive and negative sequence currents flowing in the system respectively, and
Zxy,t is the sequence impedance of the transmission line2 .
I1 and I2 can be found in terms of load parameters as given in (3.4) and (3.5);

I1 =

I2 = −

U1,rec
Z11,rec

Z21,rec U1,rec
U2,rec
+
Z11,rec Z22,rec Z22,rec

(3.4)

(3.5)

where, Zxy,rec represents the sequence impedances of the load connected at the POE.
Detailed derivations of I1 and I2 are given in Appendix A.
Case I: The upstream source is balanced U2,send = 0.
In this case, as the background unbalance (source unbalance) is zero, the unbalance at the POE arises as a result of load asymmetry and line asymmetry only.
Substitution of I1 and I2 from (3.4) and (3.5) into (3.3) results in the VU factor at
the POE (V U FP OE ) as follows:

V U FP OE =

U2,rec
Z22,t Z21,rec − Z21,t Z22,rec
=
U1,rec
(Z22,rec + Z22,t ) Z11,rec

(3.6)

Employing the fact that the negative sequence impedance (Z22 ) is equal to its
2
x and y are replaced by 1 and 2 which stand for positive sequence and negative sequence
respectively.

39
positive sequence impedance (Z11 ) for passive network elements, V U FP OE can be
rewritten as shown in (3.7).

V U FP OE =

Z22,t Z21,rec
Z21,t
−
(Z11,send Z11,rec ) Z11,send

(3.7)

where Z11,send = Z11,rec +Z11,t =Z22,rec +Z22,t .
By defining the voltage regulation of the line (Vreg-line ) as the ratio of positive
sequence voltage drop in the network (line) to positive sequence voltage at the
receiving end as given by (3.8), the expression for V U FP OE can be further modified
as shown in (3.9).
Vreg-line =

V U FP OE =

U1,t
Z11,t
Z22,t
=
=
U1,rec
Z11,rec
Z11,rec

Z21,rec Vreg-line
Z21,t Vreg-line
−
Z11,rec (1 + Vreg-line ) Z11,t (1 + Vreg-line )

(3.8)

(3.9)

Referring to (3.9), if the load is symmetrical (i.e., the negative-positive sequence
coupling impedance does not exist (Z21,rec = 0)), voltage unbalance at the POE arises
as a result of the network (line) asymmetry only and the contribution made by asymmetrical line V U FPline
OE can be assessed using the factor

Vreg-line
Z21,t
.
Z11,t (1+Vreg-line )

Conversely,

for a symmetrical network, the negative-positive sequence coupling impedance3
Z21,t = 0 and the VU that arises at the POE due to load asymmetry (V U FPload
OE ) can
be established using the factor

Vreg-line
Z21,rec
.
Z11,rec (1+Vreg-line )

Case II: The upstream source is unbalanced (U2,send 6= 0).
In this case, the source, installation and the network (line) together make contributions to the total VU emission at the POE. Therefore, when U2,send 6= 0 in (3.3),
V U FP OE can be obtained by following the same steps as described in relation to
Case I and can be shown to be depicted by three components as given in (3.10):
3
When transmission lines are not completely transposed, unequal mutual impedances which
arise as a result of the asymmetrical electromagnetic coupling between conductors cause unbalanced
voltages across three phases. The presence of unequal mutual impedances results in Z21,t in the
sequence domain and Z21,t is considered as a measure of line asymmetry.
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V U FP OE = V U Fsource +

Z21,rec Vreg-line
Z21,t Vreg-line
−
Z11,rec (1 + Vreg-line ) Z11,t (1 + Vreg-line )

where V U Fsource = V U Fpre-connection =

U2,send
U1,send

(3.10)

which can be evaluated from the pre-

connection measurements at the POE. According to (3.10), upstream source (or
background) unbalance transfers to the POE with no attenuation, whereas the
network (line) and load contributions at the POE are similar to those in Case I.
Hence, the contribution made by upstream source/background unbalance on the
POE (V U FPsource
OE ) is given by the VU factor of the upstream source V U Fsource (i.e.
pre-connection VU emission at the POE).

Constant Power Loads
The asymmetrical load contribution in (3.10) can be further modified in terms of
voltage and current unbalance factors by eliminating impedance terms associated
with the installation (i.e., Z21,rec and Z11,rec ) to the form given in (3.11) (see Appendix B for the proof). This process will facilitate the evaluation of VU emission
related to loads of which impedance details are not available (e.g. constant power
and constant current type loads).
The VU emission that arises at the POE as a result of load asymmetry only is:

V U FPload
OE = (V U FP OE − CU F )

Vreg-line
(1 + Vreg-line )

(3.11)

Incorporating (3.11), the VU at the POE for constant power loads can be reexpressed as shown in (3.12) which contains three individual emission contributions.

V U FP OE = V U Fsource +(V U FP OE −CU F )

Vreg-line
Z21,t Vreg-line
−
(3.12)
(1 + Vreg-line ) Z11,t (1 + Vreg-line )
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Constant Current Loads
Although constant current loads draw currents of equal magnitude in the three
supply phases regardless of the prevailing voltage balance/unbalance conditions,
negative sequence current components associated with the load current can be significant as a result of unequal phase angle displacements of the line current. This
means, asymmetrical constant current load behaviour can be considered similar to
the manner how the constant power load was previously examined for VU emission
assessment.

3.2.2 Discussion
In general, for any type of passive load, post-connection VU emission at the POE can
be represented using the summation of three decoupled components as identified by
line
contributions made by asymmetrical load (V U FPload
OE ), asymmetrical line (V U FP OE )

and upstream source/background unbalance (V U FPsource
OE ) given in (3.13) where the
decoupled contributions are detailed in (3.14), (3.15) and (3.16).

V U FPload
OE =

load
line
V U FP OE = V U FPsource
OE + V U FP OE + V U FP OE

(3.13)

V U FPsource
OE = V U Fsource = V U Fpre-connection

(3.14)

Vreg-line
Z21,rec Vreg-line
= (V U FP OE − CU F )
Z11,rec (1 + Vreg-line )
(1 + Vreg-line )
V U FPline
OE = −

Z21,t Vreg-line
Z11,t (1 + Vreg-line )

(3.15)
(3.16)

Further, the IEC outcomes for VU emission given by (2.12) and (2.13) can be
shown to be intrinsically built in to these mathematical formulations. When the
background unbalance (source unbalance) is neglected4 , in the case where the installation is symmetrical but the supply network is asymmetrical (i.e., Z21,rec =
4

As in the case of IEC approach, it is assumed that the influence of negative sequence current
that arise as a result of background unbalance on the negative sequence voltage at the POE is
negligible compared to that of the load asymmetry.
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0, Z21,t 6= 0), it may be demonstrated that the VU at the POE which is equal to
V U FPline
OE given by (3.16) is similar to the outcome of line asymmetry given by (2.13).
Similarly, VU caused by only the load asymmetry (when the supply network is symmetrical) which is given by V U FPload
OE (3.15) can be shown to be the general form of
the IEC result given by (2.12).

3.2.3 Separation of VU Emission Contributors: Induction Motors
(IM)
Naturally, three-phase induction motors do not possess any inherent unbalance other
than the fact that their operation is affected by the supply source unbalance. Further, three-phase induction motors are known to improve (reduce or compensate)
pre-existing VU levels at the POE. Therefore, this specific case is aimed at quantifying the VU emission compensation provided by three-phase induction motors at
the POE.
The passive load in Fig. 3.1 is replaced with a three-phase induction motor
which can be represented by three decoupled impedances in the sequence domain.
Therefore, expressions for positive and negative sequence motor currents (I1,m and
I2,m respectively) can be established by:

I1,m =

U1,rec
Z1,m

(3.17)

I2,m =

U2,rec
Z2,m

(3.18)

where Z1,m and Z2,m are the respective positive and negative sequence impedances
of the motor which can be established using the motor equivalent circuit.
Substitution of the sequence currents given by (3.17) and (3.18) in (3.2) and
(3.3) can be used to determine the total VU factor at the POE as given by (3.19):

V U FP OE =

Z2,m
Z1,m



Z1,m + Z11,t
Z2,m + Z22,t




V U Fsource −

Z2,m
Z1,m



Z21,t
Z22,t + Z2,m


(3.19)
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Two terms on the RHS of (3.19) can be investigated to identify different emission contributions: if the transmission line is symmetrical (i.e., Z21,t = 0), VU
emission at the POE is equal to the source VU level (V U Fsource ) scaled by a factor
+Z11,t
2,m
)( ZZ1,m
) which incorporates positive and negative sequence impedances of
( ZZ1,m
2,m +Z22,t

the line and the motor. This factor can be shown to have a magnitude less than
1,m +Z11,t
unity and accordingly, ( ZZ2,m
)( ZZ2,m
)V U Fsource is the contribution made by the
+Z22,t
1,m

upstream source (V U FPsource
OE ) or the amount of VU that propagates to the POE from
the upstream source/background unbalance. In other words, it can be interpreted
as the VU emission improvement resulting from the connection of the three-phase
induction motor.
Conversely, if the upstream source is balanced (V U Fsource = 0), contribution
made by the asymmetrical line on the total unbalance at the POE (V U FPline
OE ) can
)( Z22,tZ21,t
). The absence of a term in (3.19)
be established by the factor ( ZZ2,m
+Z2,m
1,m
corresponding to load contribution is a consequence of the symmetrical nature of the
induction motor. Thus, in the case of three-phase induction motor loads, constituent
components of the total VU emission at the POE given by (3.20) can be evaluated
using (3.21) and (3.22).

line
V U FP OE = V U FPsource
OE + V U FP OE

V

U FPsource
OE

V


=

U FPline
OE

Z2,m
Z1,m




=−

Z1,m + Z11,t
Z2,m + Z22,t

Z2,m
Z1,m



(3.20)


V U Fsource

Z21,t
Z22,t + Z2,m

(3.21)


(3.22)

Further, it can be shown that the loading level of three-phase induction motors
will have an influence on the level of VU emission compensation made at the POE.
Appendix C describes a study related to sensitivity analysis of induction motor
loading levels on the VU emission contribution at the POE.
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VU Emission Assessment of an Aggregated Induction Motor Model
When the motor load at the POE consists of multiple induction motors, the presented methodology can still be applied with some modifications.
Since induction motors can be represented by three decoupled impedances in
the sequence domain, the presence of multiple machines at the same POE under
unbalanced supply systems can be visualised as shown in Fig. 3.2.

I1m
V1m

I2m

Z1,m

(a)

I1m1

Z1,m1

V1m

V2m

Z2,m

I2m1

V2m

I1m2

Z2,m1

I2m2

Z1,m2

Z2,m2

(b)

Figure 3.2: Induction motor equivalent circuit under unbalance voltages; (a) Single
motor representation, (b) multiple motor representation
Referring to Fig. 3.2, effective positive sequence (Z1,mef f ) and negative sequence
(Z2,mef f ) motor impedances of the group of motors (say n number of parallel connected motors) can be evaluated as follows:
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Z1,mef f = Z1,m1 //Z1,m2 //Z1,m3 //...//Z1,mn

(3.23)

Z2,mef f = Z2,m1 //Z2,m2 //Z2,m3 //...//Z2,mn

(3.24)

Accordingly, the total VU emission level at the POE given in (3.19) can be
modified for a group of induction motors as shown in (3.25).


V U FPOE =


Z1,mef f + Z11,t
V U Fsource
Z2,mef f + Z22,t



Z21,t
Z2,mef f
−
Z1,mef f
Z22,t + Z2,mef f

Z2,mef f
Z1,mef f



(3.25)

This emission assessment methodology of an aggregated induction motor model
can be utilised to show that the VU emission attenuation provided by a group
of small induction motors is equal to the emission attenuation given by a large
motor with the same power capacity irrespective of the operating voltage. Detailed
verification of this aspect using test networks is given in Appendix C.

3.2.4 Separation of VU Emission Contributors: Mix of Passive and
Induction Motor Loads
When the radial system supplies a mixed load, the total line current can be found
as the summation of the individual positive (I1,P L and I1,m ) and negative sequence
(I2,P L and I2,m ) currents drawn by the passive and induction motor loads respectively. Accordingly, the negative sequence voltage at the POE given in (3.3) can be
modified and the VUF at the POE that arises as a result of the mixed load can be
shown with appropriate substitutions to take the form of (3.26):

V U FP OE = A(V U Fsource ) + B + C

(3.26)
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where the factors A, B and C are given by the expressions:

A=

B=

Z11,t
Z11,rec
Z22,t
22,t
+ ZZ22,P
Z2,m
L

(3.27)

Z21,P L Z22,t
Z22,P L Z11,P L
22,t
22,t
+ ZZ22,P
+ ZZ22,m
L

(3.28)

1+
1+

1

C=−

Z21,t
Z11,rec

1+

Z22,t
Z2,m

+

Z22,t
Z22,P L

(3.29)

Referring to (3.28), if the passive load is symmetrical, the positive-sequence
negative-sequence coupling impedance of the load (Z21,P L ) is zero and hence B = 0.
This means, the factor B can be considered as the VU emission contribution made
by the passive load asymmetry.
Referring to (3.29), if the transmission line is transposed, the negative-positive
sequence coupling impedance of the line (Z21,t ) is zero. Accordingly, C = 0 and
hence the factor C can be considered as the VU emission contribution that arises
as a result of the line asymmetry.
If both the passive load and the transmission line are symmetrical (i.e., B =
C = 0), then the VUF at the POE is given by A (V U Fsource ). Thus, the factor A
given by (3.27) (of which the magnitude is less than unity) can be interpreted as the
amount of upstream or source VU which propagates to the POE in the presence of
the mixed load at the POE.
These three factors, A, B and C, can be re-expressed in terms of known system
parameters by introducing the voltage regulation of the line (Vreg-line ) and the CUF
of the passive load (CU FPload ). Therefore, the individual VU emission contributions
line
made by the passive load V U FPPload
OE , the upstream network V U FP OE and the up-

stream source V U FPsource
OE at the POE can be summarised as shown in (3.30), (3.31)
and (3.32) respectively.
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Z1,m Z2,m Vreg-line −



V U FPPload
OE = (V U FP OE − CU FPload )

Z22,t
Z1,m





Z1,m Z2,m (1 + Vreg-line ) + Z22,t (Z1,m − Z2,m )



(3.30)

V

V

3.3

U FPline
OE

U FPsource
OE

Z21,t
=−
Z11,t


=



Z1,m Z2,m Vreg-line
Z1,m Z2,m (1 + Vreg-line ) + Z22,t (Z1,m − Z2,m )

Z1,m Z2,m (1 + Vreg-line )
Z1,m Z2,m (1 + Vreg-line ) + Z22,t (Z1,m − Z2,m )


(3.31)


V U Fsource

(3.32)

Verification of the VU Emission Assessment Methodology

3.3.1 Test Network and the Loads
A 12.47 kV radial test network given in [4] and [60] was used to determine VU
emission contributions made by the different sources of unbalance. The details of
the test system are given in Appendix D.
This system consists of an upstream source, untransposed network (line), and a
load including passive load types (constant impedance, constant current or constant
power loads), three-phase induction motor loads and a mix of these load types. The
passive load types were modelled employing the exponential load models [61] as
given in (3.33):
P = P0 (

V α
V
) and Q = Q0 ( )β
V0
V0

(3.33)

where P , Q are the active and reactive power consumed by the load at voltage V .
The terms P0 , Q0 represent the rated active and reactive power respectively at the
nominal voltage V0 . The exponents α and β are the voltage coefficients of the active
and reactive powers respectively.
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For constant power loads: α, β = 0
For constant current loads: α, β = 1
For constant impedance loads: α, β = 2

An unbalanced load flow program5 written in MATLAB in conjunction with
unbalanced load flow analysis in DIgSILENT PowerFactory and EMTDC/PSCAD
simulation platforms were used to verify the outcomes of the mathematical formulations. The following subsections present VU emission separation outcomes for:
• passive loads - constant power, constant current and constant impedance types
• induction motor load
• mix of passive and induction motor loads

3.3.2 Passive Loads
The 12.47 kV radial network having a 3.2187 km line (voltage regulation of the line
|Vreg-line | - 9.6% at full load) supplying a 10 MVA, three-phase passive load6 (constant
power, current and impedance type loads - a single type of load considered at a
time) was simulated using the unbalanced load flow program in MATLAB. The VU
emission separation outcomes (application of (3.13)) for a constant power load are
illustrated in Fig. 3.3 using polar plots for four different upstream source unbalance
levels showing the phasor distribution of individual emission contributions together
with the net VU emission at the POE obtained using the proposed methodology and
simulations. The corresponding phasor diagram representation for constant power
type load is shown in Fig. 3.4. These phasor diagrams illustrate the decomposition
of VU emission in terms of individual VU factors (indicated as a percentage alongside
the individual phasors) that arise at the POE as a result of the different sources of
5

An unbalanced load flow program was developed in phase coordinate reference frame incorporating the component level load flow constraints and three-phase modelling of system components
based on the approach given in [4]
6
Unbalanced load data is given in Appendix D
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voltage unbalance. The data (generated from unbalanced load flow program) which
is used to produce phasor diagrams is given in Appendix E.
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Figure 3.3: Vectorial distribution of VU emission separation outcomes: unbalanced
constant power load, untransposed line. (a) V U Fsource = 0% (b) V U Fsource =
0.58% (c) V U Fsource = 1.0% (d) V U Fsource = 2.08%
The following points are to be noted in relation to Figs. 3.3 and 3.4:
• V U Fsource represents the VU emission level at the upstream or source (i.e.,
pre-connection VU emission at the POE) which is zero for case (a) but finite
for cases (b)-(d). For passive loads, V U Fsource = V U FPsource
OE (see Section 3.2.1
for explanation)
• V U FP OE-LF is the post-connection resultant VU emission at the POE obtained
using unbalanced load flow analysis
• V U FP OE-cal is the post-connection resultant VU emission at the POE evaluated using the formulation (application of (3.13))
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(a)

(b)

0.72%
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1.29%
1.25%

0.68%

1.17%

1.15%

(c)

0.78%

1.0%

(d)
3.0%

1.72%
1.65%

2.08%
1.06%

VUFPOE- LF

0.78%

2.99%

0.77%

1.4%
0.76%

VUFPOE- cal

VUFsource

load
VUFPOE

line
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Figure 3.4: Separation of VU emission at POE with different source unbalance
levels: unbalanced constant power load, untransposed line. (a) V U Fsource = 0% (b)
V U Fsource = 0.58% (c) V U Fsource = 1.0% (d) V U Fsource = 2.08%
• V U FPload
OE is the VU emission at the POE that arise as a result of the load
asymmetry evaluated using the formulation (application of (3.15))
• V U FPline
OE is the VU emission at the POE caused by the line asymmetry evaluated using the formulation (application of (3.16))
In the phasor diagrams of Fig. 3.4, the V U FP OE-cal is represented as the reference
phasor with a phase angle of zero degrees although this angle may take any value
as shown in Fig. 3.3. Accordingly, all other phasors are represented with respect to
the above reference phasor (i.e. V U FP OE-cal ).
The nearly coincident resultant VU emission phasors with nearly similar magnitudes representing the VU at the POE established using the formulation and through
load flow analysis demonstrate that the mathematical formulation is sufficiently accurate. In addition, following conclusions can be drawn in reference to the Fig.
3.4:
• For case (a), the cancellation of VU emissions made by load (1.15%) and line
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(0.78%) are seen to help lower the net VU emission level at the POE to 0.68%.
• The magnitudes of VU contributions made by the network are seen to be
similar (0.78%, 0.78%, 0.76%, 0.77% respectively) in all four cases although
they exhibit different phase shifts with respect to the reference phasor. The
similarity in magnitude can be attributed to the fact that the VA capacity of
the passive load is nearly the same in all cases.
• The upstream source unbalance is seen to have some degree of influence on
the VU emission by the load (compare 1.15% with 1.17%, 1.06% and 1.4%).
Further, VU emission separation outcomes for constant impedance and constant
current loads are shown in Fig. 3.5 and Fig. 3.6 in the form of polar plot representation. The nearly coincident resultant VU emission vectors obtained using load
flow studies and theoretical formulations support the validity of the deterministic
methodology.
The resultant VU emission level at the POE for all load types considered is seen
to be significantly influenced not only by the magnitudes of the individual contributions but also by their phasor orientations. In other words, significant voltage
unbalance cancellations or strengthening (amplifications) may be observed between
pre-connection and post-connection stages of the unbalanced load.

3.3.3 Induction Motor Load
The 12.47 kV radial power system with a 5 km line (|Vreg-line | = 5.5% at rated load)
supplying a three-phase induction motor load (see Appendix D for details of the
motor load) was modelled using DIgSILENT PowerFactory and EMTDC/PSCAD
to validate the proposed VU emission separation methodology. A three-phase, twowinding Yg-Yg connected transformer model was used as the motor service transformer with a voltage ratio: 12.47/2.3 kV and a leakage reactance of 5%.
The separation outcomes of the VU emission levels (application of (3.19)) at the
POE are shown in Figs. 3.7 and 3.8 using polar plots and phasor diagrams for four
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Figure 3.5: Vectorial distribution of VU emission separation outcomes: unbalanced
constant impedance load, untransposed line. (a) V U Fsource = 0% (b) V U Fsource =
0.58% (c) V U Fsource = 1.0% (d) V U Fsource = 2.08%
different upstream VU levels. The results (obtained using unbalanced load flow program) which are used to produce the phasor diagrams are given in Appendix E. The
general comments applicable for the diagrams relevant to the case of passive loads
is applicable here as well. Further, the resultant VU emission vectors representing
the VU at the POE established using the formulation and through simulation are
in close agreement thus substantiating the validity of the formulation.
In addition, based on the phasor diagrams of Fig. 3.8, the following conclusions
can also be made:
• The improvement in the VU emission level at the POE that usually takes place
when three-phase induction motors are connected is clearly evident and can be
seen by examining the magnitudes of V U Fsource and V U FPsource
OE for cases (b)-(d)
(compare 0.58%, 1.16%, 2.33% with 0.47%, 0.94%, 1.88% respectively).
• The scaling factor associated with this reduction (see (3.21)) is not seen to

53


(a)









 














(d)





 



98)VRXUFH







(c)



(b)





98)32(í/)



98)32(íFDO

load

98)32(

line

98)32(

Figure 3.6: Vectorial distribution of VU emission separation outcomes: unbalanced
constant current load, untransposed line. (a) V U Fsource = 0% (b) V U Fsource =
0.58% (c) V U Fsource = 1.0% (d) V U Fsource = 2.08%
introduce a significant phase shift on VU emission phasors (V U Fsource and
V U FPsource
OE ) related the pre- and post-connected stages.

3.3.4 Mix of Passive Load and Induction Motor Load
The 12.47 kV radial power system with a 5 km untransposed line supplying a mixed
load is considered here. A 2.3 kV, 2250 hp, three-phase induction motor (connected
via a step down service transformer - 12.47/2.3 kV, 8 MVA, leakage reactance: 5%,
connection: Yg-Yg) and a 1 MVA passive load set (see Appendix D for details) was
modelled as a mixed load using the DIgSILENT PowerFactory simulation platform
to validate the proposed VU emission separation methodology (application of (3.30),
(3.31) and (3.32)).
Polar plots showing the phasor distribution of individual emission contributions
and phasor diagrams representing summation of different unbalance emission sources
are given in Figs. 3.9 and 3.10 respectively. The associated voltage unbalance
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Figure 3.7: Vectorial distribution of VU emission separation outcomes: induction
motor load, untransposed line. (a) V U Fsource = 0% (b) V U Fsource = 0.58% (c)
V U Fsource = 1.16% (d) V U Fsource = 2.33%
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Figure 3.8: Separation of VU emission at POE with different source unbalance
levels: induction motor load, untransposed line. (a) V U Fsource = 0% (b) V U Fsource
= 0.58% (c) V U Fsource = 1.16% (d) V U Fsource = 2.33%
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Figure 3.9: Vectorial distribution of VU emission separation outcomes: mixed load
consisting a passive and an induction motor load, untransposed line. (a) V U Fsource
= 0% (b) V U Fsource = 0.58% (c) V U Fsource = 1.16% (d) V U Fsource = 2.33%
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contributors and the corresponding emission phasors are:
• network (line), V U FPline
OE
• passive load, V U FPPload
OE
• upstream source, V U Fsource
• upstream unbalance transferred to POE, V U FPsource
OE .
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Figure 3.10: Separation of VU emission at POE with different source unbalance
levels: mixed load consisting a passive and an induction motor load, untransposed
line. (a) V U Fsource = 0% (b) V U Fsource = 0.58% (c) V U Fsource = 1.16% (d)
V U Fsource = 2.33%
As in the cases of pure passive load and induction motor load, the resultant
VU emission phasors at the POE established using the formulation and through
simulation are in close agreement thus substantiating the validity of the formulation.
The general observation for this case study is that, although the unbalance emission level at the POE has improved in the presence of the induction motor, the
emission contribution that arises as a result of the passive load is relatively significant and hence the resultant unbalance emission level at the POE is greater than the
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pre-connection unbalance emission level (V U Fsource ) at the POE. However, this situation (whether the post-connection unbalance emission has decreased or increased
compared to the pre-connection level) may change depending on the level of unbalance of the passive load and power ratings of passive load and motor load which are
mixed at the POE.

3.4

Chapter Summary

This chapter has presented complex VU factor based formulations which can be used
to evaluate the VU emission contributions at the POE made by different sources
of unbalance of a radial power system. The proposed methodology utilises snapshot based pre- and post-connection voltage/current measurements together with
known system parameters. Several major conclusions can be drawn from the work
presented:
• The asymmetrical line contribution to the total VU emission at the POE has
been evaluated as a decoupled quantity using the negative-positive sequence
coupling impedance which reflects the inherent asymmetry of the transmission
line.
• A generalised expression has been derived for the VU emission due to load
V

(passive loads) asymmetry as given by the factor (V U FP OE − CU F ) 1+Vreg-line
reg-line
which utilises only the pre-connection and post-connection voltage/current
measurements at the POE.
• The ability of induction motors to attenuate the VU emission at the POE has
been confirmed through this study, quantifying the improvement as given by



Z1,m +Z11,t
2,m
the factor ZZ1,m
.
Z2,m +Z22,t
• The upstream source unbalance level (V U Fsource ) that propagates to the POE
has been separated as a known fraction of V U Fsource .
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Based on the proposed approach, an advanced power quality instrument may be
configured to assess the VU as a continuous time domain function by monitoring
and recording voltage/current measurements and the switching status of loads/lines
continuously. Such a set up, which accommodates the changing behaviour of the
power system, may provide further opportunities for investigation on the statistical
approaches given in IEC documents on voltage unbalance management.

Chapter 4
Voltage Unbalance Emission
Assessment in Interconnected
Power Systems
4.1

Introduction

In interconnected power systems, the presence of numerous sources of unbalance
and their multiple interactions lead to considerable difficulties in locating individual
emission contributors and evaluating of their level of contributions at individual
busbars. Hence, compared to the case of radial power systems, post-connection VU
emission assessment is a much more complex task in interconnected networks [57].
Even in the already established IEC VU emission allocation methodologies [1], VU
emission in interconnected networks is not dealt with rigorously taking into account
the multiple interactions of unbalance sources except for the use of influence factors
defined in relation to HV/EHV networks (see Section 2.4.3).
The work presented in [58] has developed a concept based on the negative sequence voltage unbalance emission vectors which was derived using IEC definitions
on VU emission to assess the VU emission caused by load and line asymmetries in
a 66 kV interconnected network. Although this methodology can determine the net
global impact on the entire network made by one source of unbalance (each indi59
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vidual line and each individual load) on its entirety at a step, this method cannot
be used to separate individual emission contributions made by different load and
line asymmetries at busbar levels. Further, the distribution system state estimation (DSSE) based technique used in [62] evaluates sources and level of unbalance
in distribution networks. But, the methodology is based on the assumption that
the network is well balanced so that the influence made by network asymmetries is
not revealed and the location of VU sources at a selected busbar refers only to the
identification of a set of surrounding busbars which can influence the net emission
at the selected busbar (POE). Hence, the available approaches followed in related to
case studies undertaken in [58, 57, 62] are not sufficiently general and theoretically
sound for post-connection VU emission assessment in interconnected networks.
This chapter extends the theoretical modelling work presented in Chapter 3 to
assess the VU emission in interconnected networks taking into account the complex
interactions that take place between various sources of unbalance in a generalised
manner. The work presented in this chapter includes:
• establishment of a generalised classification of VU sources at the POE (i.e.
busbar under assessment) enabling identification of individual VU emission
contributors at the POE;
• development of systematic approaches to evaluate individual emission contributions made by different sources of unbalance at the post-connection stage
of unbalanced loads.
Accordingly, Section 4.2 describes the generalised approach on the location of
individual emission contributions at busbar levels demonstrating its application on
a test network. Development of the theoretical bases for the proposed methodology
of emission assessment is given in Section 4.3. The models established are validated using three-phase unbalanced load flow analysis and the details in relation to
verification processes including results are presented in Section 4.4.
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4.2

VU Sources and their Contributions at the POE

4.2.1 Classification of VU Emission Contributors at the POE
In the case of radial networks, the outcome of the post-connection VU emission at
the POE ((3.13) or (3.20)) as given in Chapter 3 evaluates the source contribution
(V U FPsource
OE ) which accounts for the VU that transfers from the upstream source to
the POE using pre-connection emission measurement at the POE. This statement
is strictly valid only for radial systems where an equivalent fixed unbalanced voltage
source can be assumed to exist at an upstream point which is not disturbed by
the connection of the downstream load. Use of such an argument is not valid for
an interconnected network considering a POE (i.e. the busbar under assessment),
since the pre-existing busbar unbalance levels in the entire network are affected
by the unbalanced load once connected at the POE. For this reason, the proposed
methodology related to interconnected networks utilises only the post-connection
VU measurements at busbar levels to quantify the individual contributions made by
various unbalanced sources at the POE.

Remote
Source

Local
Bus

Local
Bus
Local Line

Remote
load
Remote line

Local
Bus
Local Line

Local Line

Bus under
observation
(POE)

Remote
Bus
Remote line

Remote
load

Local
Load

Remote
load
Hypothetical boundary

Figure 4.1: Illustration of the hypothetical boundary for identification of emission
contributors
Identification of the emission contributors at the POE is carried out by defining
a hypothetical boundary as illustrated in Fig. 4.1 that encircles all surrounding
busbars (identified as local busbars) which are connected to the busbar under as-
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sessment (POE) via lines. Accordingly, the post-connection VU level at the POE is
decomposed by considering the influence made by:
• the local load at the POE (identified as local load contribution);
• all transmission lines connected to the POE (identified as local line contributions);
• all local busbars to account for the VU that is transfered from local busbars
to the POE (identified as local busbar contributions).
The current drawn by the load at the POE affects the pre-existing busbar VU
levels (except for voltage controlled busbars) due to the additional negative sequence
voltage drops developed in the lines. Therefore, local busbars are identified as
dependent VU sources as they include the pre-existing (pre-connection) unbalance
as well as the influence made by the local load on the rest of the system outside
the hypothetical boundary (due to the added current to the network). Further,
the local load contribution gives a measure of the influence made by the load that
is already connected to the busbar under assessment. In other words, local load
contribution separates the responsibility of the unbalanced load/customer from the
net VU emission level measured at the POE, as the load is only partially1 accountable
to that, but not to VU levels beyond the POE. Any VU changes that take place
beyond the POE can be argued as the responsibility of the network owner.
In effect, the aim is to determine the contributions made by the local busbars,
local lines and the local load on the net unbalance measurement made at the POE.
In general, this decomposition process can be applied to any busbar in the power
system, considering its local lines, local busbars and its local load. This classification
is sufficiently generalised to analyse concurrently existing sources of VU while taking
their interactions at the POE into account.
1

There is a contribution made by network asymmetries as discussed
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4.2.2 Location of Individual VU Emission Contributions using a Test
Network
The interconnected network in Fig. 4.2 is used to demonstrate the location of
unbalance contributors at busbar 3 (POE) according to the classification given in
Section 4.2.1.

Bus 2
Source1

Bus 4

Load 2

Source 2

Load 4
Bus 5

Bus 1

Load 5
Bus 6
Bus 3
Load 3

Load 6

Hypothetical 3 bus system

Figure 4.2: Interconnected power system
The total VU measurement (emission) at busbar 3 can be decomposed by identifying three factors: (a) influence made by the local load (b) influence made by
the local lines and (c) influence made by the local busbars that represent dependent
voltage sources which are influenced by the connection of the load.
• Busbar 3 is connected to busbars 1 and 2 through transmission lines 3-1 and
3-2 respectively. Thus, inherent asymmetries associated with these two lines
can have an influence on the total VUF at busbar 3. Hence, these two lines are
identified as local lines and the total line contribution at busbar 3 (V U F3line )
line
line
is made up of two components namely V U F3−1
and V U F3−2
.

• As busbars 1 and 2 are directly connected to busbar 3 through local lines,
voltage asymmetries of these local busbars influence the net emission level
at busbar 3 as dependent unbalanced sources. Hence, the total local busbar
d source
d source
and V U F3−2
.
contribution (V U F3d source ) can be decomposed as V U F3−1
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• The influence made by the local load on the total VUF at busbar 3 is identified
as V U F3load .
Based on the listed classification of various influencing sources of VU, a generalised
model is developed to assess the individual emission contributions. The hypothetical 3 bus power system (enclosed with dotted lines) shown in Fig. 4.2 is used to
demonstrate the derivation of the theoretical bases.

4.3

Assessment of VU Emission Contributions in an Interconnected Network: Theoretical Bases

The proposed deterministic methodology for interconnected networks extends the
concepts and approaches used in Chapter 3 with regard to radial power systems.
Theoretical bases are developed using sequence domain analysis giving due consideration to the following aspects:
• Power system is assumed to operate under sinusoidal steady state conditions.
• Zero sequence VU is ignored assuming 3-wire systems.
• Passive loads are represented using a coupled sequence-impedance matrix and
three phase induction motors are represented using a decoupled impedance
matrix.
Passive loads and induction motor loads are considered separately in developing the
theoretical basis. The theoretical outcomes are verified initially using a small test
network which is followed by applying the same methodologies to the IEEE 14 bus
test system. Three-phase unbalanced load flow analysis carried out using MATLAB,
EMTDC/PSCAD and DIgSILENT PowerFactory simulation platforms are used to
verify the theoretical outcomes.
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4.3.1 Separation of VU Emission Contributors - Passive Loads
The mathematical model presented in this section is sufficiently general to assess
the VU emission caused by any type of passive load (i.e. constant impedance,
current or power, or any mix) since the contribution made by a load is derived
through voltage/current measurements at the POE in addition to the known network
parameters.
Referring to the hypothetical 3-bus system (Fig. 4.2), total VU emission at
busbar 3 is decomposed by extending nodal analysis to three-phase systems. Accordingly, nodal current at busbar 3 (Ix,3 where x=a,b,c) in the three-phase domain
can be expressed as in (4.1) [63].
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(4.1)

where a, b, c refer to the three phases; Ux,i (x=a,b,c) is the bus voltage vector for ith
bus and Yxy:3i refers to the elements of the nodal bus admittance matrix associated
with the 3-bus system. Further, i (= 1, 2, 3) is any bus in the hypothetical 3-bus
power system. The corresponding nodal equation in the sequence domain can then
be derived (employing the a-b-c to 0-1-2 transformation matrix) as follows:
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(4.2)

where the subscripts 0, 1 and 2 refer to the zero, positive and negative sequences
respectively and the subscript 3 refers to busbar 3.
Positive and negative sequence currents at busbar 3 can be extracted from (4.2)
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as given in (4.3)2 and (4.4) neglecting the influence made by zero sequence terms.

I1,3 =

3
X

Y11:3i U1,i

(4.3)

(Y21:3i U1,i + Y22:3i U2,i )

(4.4)

i=1

I2,3 =

3
X
i=1

Further, positive and negative sequence currents at busbar 3 (I1,3 and I2,3 ) can
be rewritten in terms of load admittance and load voltage (bus 3 voltage) in the
sequence domain as in (4.5) and (4.6):

I1,3 = Y11:L3 U1,3

(4.5)

I2,3 = Y21:L3 U1,3 + Y22:L3 U2,3

(4.6)

where Yxy:L3 represents the admittance of load 3 in the sequence domain.
Substitution of I2,3 given in (4.6) simplifies (4.4) as shown in (4.7).

Y21:L3 U1,3 + Y22:L3 U2,3 =Y21:31 U1,1 + Y22:31 U2,1 + Y21:32 U1,2 +

(4.7)

Y22:32 U2,2 + Y21:33 U1,3 + Y22:33 U2,3
The VU factor at busbar 3 (V U F3 =

U2,3
)
U1,3

can now be obtained by further

simplifying (4.7) as shown in (4.8).
Here, positive sequence voltages at busbars 1 and 2 are rearranged with busbar
3 voltage and the voltage drops in the respective lines (ie. U1,1 = U1,3 + U1,3−1 and
U1,2 = U1,3 + U1,3−2 ; U1,3−1 and U1,3−2 are positive sequence voltage drops of lines
3-1 and 3-2 respectively). Accordingly, the normalised positive sequence voltage
drop of line 3-1 (Vdrop-t31 - normalised using bus 3 voltage) is defined as

U1,1 −U1,3
U1,3

and

Vdrop-t32 is the voltage drop of line 3-2 (normalised using bus 3 voltage) defined as
U1,2 −U1,3
.
U1,3
2

In the analysis of the radial power system, this voltage drop was identified

The contribution made by the sum of products
gible in deriving I1,3 - see Section 3.2.1.

P3

i=1

Y12:3i U2,i on I1,3 is assumed to be negli-
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as voltage regulation because of the unidirectional power flow from source to load.
V U F1 is the VU factor at busbar 1 as given by

U2,1
U1,1

and similarly V U F2 =

U2,2
U1,2

is

the VU factor at busbar 2.

(Y22:L3 − Y22:33 ) V U F3 =Y21:33 − Y21:L3 + Y21:31 (1 + Vdrop-t31 ) + Y22:31 V U F1 (1 + Vdrop-t31 )
+ Y21:32 (1 + Vdrop-t32 ) + Y22:32 V U F2 (1 + Vdrop-t32 )
(4.8)
Load impedances (ZL ) are comparatively large compared to transmission line
impedances for all practical purposes. Hence the difference in magnitude between
the negative sequence load admittance and negative sequence line admittance can
be approximated as given in (4.9):

(Y22:L2 − Y22:33 ) ≈ −Y22:33

(4.9)

Further, total positive-negative sequence coupling admittance seen at a busbar is
equal to the negative of the sum of individual positive-negative sequence coupling
admittances of all connected lines to busbar 3 (considering the properties of nodal
Y bus admittance matrix in the sequence domain).

Y21:33 = − (Y21:31 + Y21:32 )

(4.10)

Substitution of (4.9) and (4.10) simplifies (4.8) further into the form as given in
(4.11) which can be used to decompose the total VUF emission at busbar 3 into the
various influencing sources.
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V U F3 =

Y21:L3 Y21:31
Y21:32
Y22:31
−
Vdrop-t31 −
Vdrop-t32 −
(1 + Vdrop-t31 ) V U F1
Y22:33
Y22:33
Y22:33
Y22:33
Y22:32
(1 + Vdrop-t32 ) V U F2
−
Y22:33
(4.11)

• The factor

Y21:L3
Y22:33

can be identified as the influence made by the load asymme-

try at busbar 3 (V U F3load ) as Y21:L3 represents the negative-positive sequence
coupling admittance which is a measure of the load asymmetry. For a balanced
load, Y21:L3 = 0 and hence the term

Y21:L3
Y22:33

= 0 thus eliminating the influence

made by the load.
• Y21:31 is the negative-positive sequence coupling admittance of line 3-1 which
represents the respective line asymmetry. Hence, if the line is symmetrical,
the factor - YY21:31
Vdrop-t31 = 0 indicating it as the influence made by line 3-1.
22:33
21:32
Vdrop-t:32 is the influence made by line 3-2. Thus, the
Similarly, the factor - YY22:33

line
line
total line contribution at busbar 3, V U F3line , is given by V U F3−1
+ V U F3−2
.

• If the voltages of neighbourhood busbars which are connected to bus 3 (i.e.
bus 1 and 2) are balanced, the respective VU factors (i.e. V U F1 and V U F2 )
22:31
are equal to zero. Therefore, the factor - YY22:33
(1 + Vdrop-t31 ) V U F1 represents

the influence made by busbar 1 emission on the total unbalance at busbar
d source
3 (V U F3−1
) as a propagated quantity since all the other terms associ-

ated with it are fixed for the line connecting the two busbars. Similarly,
d source
22:32
- YY22:33
(1 + Vdrop-t32 ) V U F2 is the influence made by busbar 2 (V U F3−2
-

propagated unbalance from busbar 2 to busbar 3) on the total V U F3 . Hence,
the total influence made by local busbars as dependent unbalance sources can
d source
d source
be established as V U F3d source = V U F3−1
+ V U F3−2
.

The emission contribution made by load asymmetry

Y21:L3
Y22:33

can be further modified

as shown in (4.12) which is independent of load admittance terms to account for
other passive load types (for example constant current or constant power loads) of
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which load impedances are not known. The details of the derivation of (4.12) is
given in Appendix F.

V

U F3load


= (CU F3 − V U F3 )

Y11:31
Y11:32
Vdrop-t31 +
Vdrop-t32
Y22:33
Y22:33


(4.12)

Generalised expressions can now be written for VU emission assessment in terms
of various influencing sources for an interconnected n-bus power system supplying
passive loads. Accordingly, the total VU factor at bus k (V U Fk ) can be decomposed
in to three major contributors as given in (4.13), where the respective individual contributions (i.e. local load contribution - V U Fkload , local line contribution - V U Fkline
and local busbar contribution - V U Fkd source ) can be determined by (4.14), (4.15) and
(4.16) respectively. These generalised expressions can be derived from fundamental
formulations already presented although not shown for brevity.

V U Fk = V U Fkload + V U Fkline + V U Fkd source

V

U Fkload

V

U Fkline

n
X
Y11:ki
Vdrop-t(k−i)
= (CU Fk − V U Fk )
Y22:kk
i6=k

=

n
X

V

line
U Fk−i

i6=k

V

U Fkd source

=

n
X
i6=k

V

d source
U Fk−i

n
X
Y21:ki
=−
Vdrop-t(k−i)
Y22:kk
i6=k

n
X

Y22:ki
=−
1 + Vdrop-t(k−i) V U Fi
Y22:kk
i6=k

(4.13)

(4.14)

(4.15)

(4.16)

The local load contribution (V U Fkload ) represents the influence made by the load
asymmetry only on the POE. The contribution made by the local load on the rest of
the system outside the boundary which is embedded in the local busbar asymmetries
is dependent on the level of local load unbalance and network unbalance that can
be argued as a responsibility of the network owner.
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4.3.2 Separation of VU Emission Contributors - Induction Motor
Loads
As discussed in Section 3.2.3, although three-phase induction motors are inherently
symmetrical devices they are affected by the supply source unbalance while exhibiting their ability to compensate pre-existing unbalance levels in general. Hence, it
is important to examine the level of compensation provided by induction motors in
interconnected network environments.
A VU emission assessment study in the case of three-phase induction motors is
carried out by replacing the passive load at busbar 3 in the interconnected network
discussed in Section 4.3.1 with a three-phase induction motor that is represented
by three decoupled admittances in the sequence domain. Therefore, expressions for
positive and negative sequence motor currents (I1,m and I2,m respectively) can be
established as:
I1,m = U1,3 Y1:m

(4.17)

I2,m = U2,3 Y2:m

(4.18)

where Y1:m and Y2:m are the positive and negative sequence admittances of the
motor respectively. Negative sequence current given by (4.18) is substituted in (4.4)
and can be simplified using the same approach used in the case of passive loads to
evaluate the total VU at busbar 3 as given by (4.19).
V U F3 =

Y21:31 Vdrop-t,31 Y21:32 Vdrop-t32 Y22:31 (1 + Vdrop-t,31 )
+
+
V U F1
Y2:m − Y22:33
Y2:m − Y22:33
Y2:m − Y22:33
Y22:32 (1 + Vdrop-t,32 )
+
V U F2
Y2:m − Y22:33

(4.19)

Similar to the case of passive loads, individual VU emissions made by different
influencing sources of unbalance can be identified by investigating the different terms
of (4.19).
• Y21:31 is the negative-positive sequence coupling admittance of line 3-1 which
represents the respective line asymmetry. Hence, if the line is symmetrical,
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the factor

Y21:31 Vdrop-t,31
Y2:m −Y22:33

= 0 indicating that it is the influence made by line

3-1 (V U F3line,3−1 ) on total VU emission at busbar 3. Similarly, the factor
Y21:32 Vdrop-t32
Y2:m −Y22:33

line
is the influence made by line 3-2 (V U F3−2
). Thus, the total line

line
line
contribution at busbar 3 V U F3line can be established as V U F3−1
+ V U F3−2
.

• If the voltages of neighbourhood busbars (i.e. busbars 1 and 2) which are
connected to busbar 3 are balanced, the respective VUFs (i.e. V U F1 and
Y22:31 (1+Vdrop-t31 )
V U F1 repreV U F2 ) are equal to zero. Therefore, the term,
Y2:m −Y22:33
sents the influence made by busbar 1 VU asymmetry on the total unbalance
Y22:32 (1+Vdrop-t32 )
d source
at busbar 3 (labelled V U F3−1
). Similarly, the term
V U F2
Y2:m −Y22:33
is the influence made by busbar 2 VU asymmetry on the total unbalance at
d source
). Hence, the total influence made by local
busbar 3 (labelled V U F3−2

busbars as dependent unbalance sources can be established as V U F3d source =
d source
d source
V U F3−1
+ V U F3−2
. The magnitude of these scaling factors (either
Y22:31 (1+Vdrop-t31 )
Y22:32 (1+Vdrop-t32 )
, or
) can be shown to be less than unity demonY2:m −Y22:33
Y2:m −Y22:33

strating the fact that thee-phase induction motors help improve pre-existing
VU levels at busbar 3.
Accordingly, a generalised model can be established to determine emission contributions made by individual sources to the overall VU factor at a busbar with an
induction motor as follows. For an n-bus power system, the total VU emission at
bus k (V U Fk ) where an induction motor load is connected, can be written as the
summation of the influences made by the lines (V U Fkline ) and the influences made
by local busbars (V U Fkd source ) as shown in (4.20), (4.21) and (4.22). There is no
term referred to as load contribution as a consequence of symmetrical nature of the
induction motors.
V U Fk = V U Fkline + V U Fkd source
V

U Fkline

=

n
X

V

line
U Fk−i

i6=k

V U Fkd source =

n
X
i6=k

d source
V U Fk−i

=

n
X
Y21:ki Vdrop-t(k−i)
i6=k

Y2:m − Y22:kk


n
X
Y22:ki 1 + Vdrop-t(k−i)
=
V U Fi
Y
2:m − Y22:kk
i6=k

(4.20)
(4.21)

(4.22)
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4.4

Verification of the Methodology

An unbalanced load-flow program written in MATLAB in combination with analyses
employing PSCAD/EMTDC and DIgSILENT PowerFactory simulation platforms
are used to verify the outcomes from the application of the proposed formulation.
Results related to two test systems are presented in the following sections.

4.4.1 Verification of the Methodology: Three Bus MV Test System
The three-bus MV test system [4] as shown in Fig. 4.3 is considered under two
configurations of loads; (a) constant power loads at busbars 1, 2 and 3, and (b)
constant power loads at busbars 1 and 2 and a three-phase induction motor at
busbar 3. Details of this test system and the loads are given in Appendix G.

MV bus 2
6 MVA load
HV bus
1.05pu

Upstream HV
(66kV) System

5 km

MV bus 1

5 km

25MVA,
66/12.47 kV
Xt = 5%

4 km

MV bus 3

12 MVA load

3 MVA load

MV 3 bus test system

Figure 4.3: 3 bus MV test system

Case (a): Passive Loads (Constant Power Loads) Only
The three bus test system as shown in Fig. 4.3, supplying constant power loads is
simulated using unbalanced load flow analysis program written in MATLAB. Busbar
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VUFs and CUFs of loads3 obtained using unbalanced load flow were used to evaluate
the VU emission decomposition outcomes in terms of complex unbalance factors for
different busbars.
Table 4.1 - Case (a) presents total VUFs at different busbars obtained using both
load flow analysis and the proposed methodology together with constituent emission
contributions4 . The vital entries of Table 4.1 are:
• Column 3 - V U Fk−LF - resultant VUF at busbar ‘k’ obtained using the load
flow analysis
• Column 4 - V U Fk−cal - resultant VUF at busbar ‘k’ obtained using the proposed methodology (application of (4.13))
• Column 5 - V U Fkload - component of VUF contributed by load asymmetry at
busbar ‘k’ (application of (4.14))
• Column 6 - V U Fkline (=

P

line
V U Fk−i
) - component of VUF contributed by total

line asymmetries at busbar ‘k’ (application of (4.15))
• Column 7 - V U Fkd source (=

P

d source
V U Fk−i
) - component of VUF contributed

by total local busbar VU asymmetries at busbar ‘k’ (application of (4.16))
It can be seen that for a selected busbar, the resultant VUF obtained using the proposed methodology - V U Fk−cal (vector addition of V U Fkload , V U Fkline
and V U Fkd source ) is approximately equal to the corresponding VUF obtained using
load flow analysis (V U Fk−LF ), thus verifying the proposed methodology. Emisline
sion contributions made by individual line asymmetries (V U Fk−i
) and local busbars
d source
(V U Fk−i
) are not shown in Table 4.1 for brevity. As an example, use of these

phasors to obtain the net contributions made by local lines (V U Fkline ) and local
busbars (V U Fkd source ) at busbar 3 is illustrated in Fig. 4.4-(a) where the phasor
3

Load unbalance in terms of CUF was set approximately to 10% in selecting load MVA and
power factors for all three loads.
4
Approximated values of decoupled contributions can also be obtained through simulations
although not shown for brevity by considering specific cases. By making a single component
unbalanced at a given step, whilst maintaining symmetry throughout the rest of the system, the
VU level determined at the POE identifies the contribution from that unbalanced component.
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representation of all VU emission outcomes of busbar 3 is further elaborated. Individual VU emission levels are indicated as a percentage adjacent to the individual
phasors. In the phasor diagram:
• V U F3−LF - resultant VUF phasor at busbar 3 obtained using load flow analysis
(column 3 entry for busbar 3)
• V U F3−cal - resultant VUF phasor at busbar 3 evaluated using the proposed
methodology (column 4 entry for busbar 3)
• V U F3load,3 - VUF phasor at busbar 3 caused by the load asymmetry (column
5 entry for busbar 3)
• V U F3line (=

P

line
) - resultant VUF phasor that arises as a result of
V U F3−i

asymmetries of all lines connected to busbar 3 (column 6 entry for busbar
line
line
3) which can be further expanded as V U F3−1
+ V U F3−2
to represent the
line
= 0.18∠179◦ ) and 3-2
contributions made by the individual lines 3-1 (V U F3−1
line
= 0.09∠ − 2◦ ).
(V U F3−2

• V U F3d source (=

P

d source
V U F3−i
) - total VUF phasor that arises as a result

of asymmetries of local busbars at busbar 3 (column 7 entry for busbar 3)
d source
d source
which is also expanded in the phasor diagram as V U F3−1
+ V U F3−2

to represent the individual contributions made by the local busbars 1 and 2
d source
d source
(V U F3−1
= 0.25∠ − 56◦ and V U F3−2
= 0.6∠ − 87◦ ).

It is to be noted that the V U F3−cal represents the reference phasor with a phase
angle of zero degrees. Therefore, all other phasors are represented with respect to
that reference phasor.
P
line
The phasor summation of the individual emission phasors (V U F3load + V U F3−i
+
P

d source
V U F3−i
) constitutes the resultant VUF obtained using the proposed method-

ology. Nearly coincident resultant VU emission phasors established through load
flow and theoretical formulation demonstrate the validity of the proposed methodology.
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Table 4.1: Voltage unbalance emission outcomes for the 12.47 kV, 3 bus MV test
system
Bus Simulation results
Proposed formulation results
# U1 pu
V U Fk−LF
V U Fk−cal
V U Fkload
V U Fkline % V U Fkd source
%
%
%
%
Case (a) Unbalanced 3-phase constant power loads at busbars 1, 2 and 3
1
1.01∠ − 2
0.54∠ − 57 0.56∠ − 57 0.26∠ − 65 0.12∠8
0.26∠ − 75
2
0.96∠ − 4
1.10∠ − 86 1.12∠ − 84 0.46∠ − 60 0.34∠179
0.76∠ − 73
3
0.97∠ − 4
0.93∠ − 82 0.94∠ − 81 0.13∠ − 64 0.09∠180
0.83∠ − 78
Case (b) Unbalanced 3-phase constant power loads at busbars 1, 2 and
induction motor load at busbar 3
1
1.02∠ − 92 0.41∠ − 58 0.47∠ − 58 0.24∠ − 64 0.12∠10
0.21∠ − 80
2
0.96∠ − 94 0.92∠ − 90 0.92∠ − 90 0.48∠ − 64 0.36∠179
0.51∠ − 73
3
0.98∠ − 93 0.60∠ − 89 0.65∠ − 89 0∠0
0.10∠−173 0.64∠ − 80

Case (b): Induction Motor Load at Busbar 3
A 3-bus test system was modelled in DIgSILENT and in PSCAD/EMTDC (as
a verification) simulation platforms with a 2.3 kV, 2250 HP three-phase induction
motor replacing the constant power load (3 MVA) at busbar 3. The induction motor
was connected to the network via a 12.47/2.3 kV transformer (leakage reactance
of 5%). The VU emission separation outcomes which were evaluated using known
network parameters, measured VUFs at busbars and measured CUFs of passive loads
at different busbars are given in Table 4.1 - Case (b). Similar to Case (a), for busbars
1 and 2, individual emission contributions made by load, line and local busbar
asymmetries (Columns 5, 6 and 7 respectively) that were evaluated using (4.14),
(4.15) and (4.16) respectively constitute the resultant VUF as given in Column 4
which is approximately equal to the VUF obtained from simulations (in Column 3).
At busbar 3 where the three-phase induction motor is connected, the total emission is made up of V U F3line and V U F3d source (application of (4.21) and (4.22)) where
V U F3load is zero as a result of the symmetrical nature of the induction motor. All
VUF phasors associated with busbar 3 are shown in Fig. 4.4-(b). Similar to Case
line
line
(a), V U F3line is expanded in to two phasors (V U F3−1
and V U F3−2
) to illustrate
line
the influence made by the individual lines 3-1 (V U F3−1
= 0.19∠ − 179◦ ) and 3line
d source
d source
2 (V U F3−2
= 0.09∠ − 6◦ ). Similarly phasor addition V U F3−1
+ V U F3−2
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0.60%

0.25%
0.93%

0.93%
0.09%

0.18%

0.83%

0.13%
(a)
0.09%
0.45%
0.25%

0.64%

0.10%

0.60%
0.65%

0.19%

0.09%

(b)
VUF3-LF
dBVRXUFH
VUF3-1

VUF3-cal

VUF3dBVRXUFH

dBVRXUFH
VUF3-2

line
VUF3-1

VUF3line

VUF3load

line
VUF3-2

Figure 4.4: Phasor diagrams for Bus 3 VU emission vectors: Case (a). Bus 3
contains a 3 MVA constant power load, Case (b). Bus 3 contains a 2250 hp, threephase induction motor load
d source
= 0.25∠ − 58◦ ,
gives the total local busbar contribution at busbar 3 (V U F3−1
d source
V U F3−2
= 0.4∠ − 93◦ ). The resultant VU emission phasors obtained through

the proposed formulation and through simulation are in close agreement, thus illustrating the validity of the proposed formulation. Furthermore, connection of
the induction motor at busbar 3 has attenuated the unbalance levels in the system
compared to the case where only a passive load was connected at the same busbar.

4.4.2 Verification of the Methodology: IEEE 14 Bus Test System
The proposed methodology was applied to the IEEE 14 bus test system shown in Fig.
4.5 which is supplying constant power loads. Busbars 1, 2, 3, 6 and 8 are considered
to be balanced, voltage controlled busbars. All transmission lines are considered to
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be identical in construction, of different lengths and untransposed. The 60 Hz, three
wire test system was modelled as per the data given in [4] and [64]. The data of the
IEEE 14 bus test system used in this study is given in Appendix H.
• Positive sequence series line admittance = (0.2729 − j1.0244) × 102 pu/km
• Positive-negative sequence series line coupling admittance = (0.0453+j0.0775)×
102 pu/km

Figure 4.5: IEEE 14 bus test system
The IEEE 14 bus test system was simulated using the unbalanced load flow
program written in MATLAB. Two cases were considered: (a) balanced three-phase
loads (b) unbalanced three-phase loads. Load unbalance was set between 5-10% in
terms of CUF.
Similar to the case of the 3-bus MV test system, Tables 4.2 and 4.3 present
the VU emission outcomes obtained through the proposed methodology and the
load flow analysis for both cases. For a selected busbar, vector addition of individual emission contributions (V U Fkload , V U Fkline and V U Fkd source ) forms the resultant
VUF - V U Fk−cal (Column 4) which is approximately equal to the corresponding

Table 4.2: Voltage unbalance emission Results of IEEE 14 bus test system: Balanced loads
Bus Simulation results
Proposed formulation results
# U1 pu
V U Fk−LF % V U Fk−cal % V U Fkload %
V U Fkline % V U Fkd source
%
1
1.06∠0
0∠0
0∠0
0∠0
0∠0
0∠0
2
1.045∠ − 5 0∠0
0∠0
0∠0
0∠0
0∠0
3
1.010∠−13 0∠0
0∠0
0∠0
0∠0
0∠0
4
1.014∠−10 0.453∠ − 146 0.458∠ − 145 0.007∠ − 97
0.20∠−143 0.26∠ − 149
5
1.016∠ − 9 0.394∠ − 150 0.398∠ − 150 0.004∠ − 157 0.12∠−161 0.28∠ − 146
6
1.07∠ − 15 0∠0
0∠0
0∠0
0∠0
0∠0
7
1.061∠−14 0.210∠ − 148 0.21∠ − 148 0∠0
0∠0
0.21∠ − 148
8
1.09∠ − 14 0∠0
0∠0
0∠0
0∠0
0∠0
9
1.056∠−15 0.227∠ − 152 0.223∠ − 151 0.003∠ − 58
0.06∠15
0.28∠ − 154
10 1.052∠−15 0.254∠ − 160 0.225∠ − 160 0.002∠ − 118 0.05∠177
0.21∠ − 154
11 1.058∠−15 0.160∠ − 163 0.161∠ − 163 0.001∠ − 113 0.03∠−177 0.13∠ − 160
12 1.058∠−16 0.176∠ − 166 0.177∠ − 165 0.002∠ − 100 0.07∠−165 0.11∠ − 168
13 1.054∠−16 0.219∠ − 167 0.221∠ − 167 0.003∠ − 110 0.09∠−173 0.13∠ − 164
14 1.041∠−17 0.431∠ − 162 0.438∠ − 161 0.01∠ − 105
0.20∠−168 0.22∠ − 157
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Table 4.3: Voltage unbalance emission Results of IEEE 14 bus test system: Unbalanced loads
Bus Simulation results
Proposed formulation results
# U1 pu
V U Fk−LF
V U Fk−cal
V U Fkload % V U Fkline % V U Fkd source
%
%
%
1
1.060∠0
0∠0
0∠0
0∠0
0∠0
0∠0
2
1.045∠ − 5
0∠0
0∠0
0∠0
0∠0
0∠0
3
1.01∠ − 13
0∠0
0∠0
0∠0
0∠0
0∠0
4
1.009∠ − 11 0.54∠−110 0.60∠−109 0.16∠ − 48 0.20∠−145 0.37∠ − 113
5
1.011∠ − 9
0.45∠−113 0.52∠−112 0.27∠ − 91 0.14∠−160 0.34∠ − 110
6
1.07∠ − 16
0∠0
0∠0
0∠ − 0
0∠0
0∠0
7
1.055∠ − 15 0.56∠−105 0.56∠−105 0∠0
0∠0
0.56∠ − 105
8
1.09∠ − 15
0∠0
0∠0
0∠0
0∠0
0∠0
9
1.048∠ − 17 0.94∠−103 0.92∠ − 96 0.13∠ − 72 0.08∠18
0.84∠ − 105
10 1.042∠ − 17 1.02∠−101 1.03∠−101 0.17∠ − 34 0.07∠175
0.96∠ − 106
11 1.051∠ − 18 1.01∠−114 1.03∠−111 0.48∠−115 0.07∠−166 0.52∠ − 101
12 1.048∠ − 18 0.65∠−124 0.65∠−121 0.60∠ − 82 0.12∠−177 0.30∠ − 171
13 1.046∠ − 18 0.62∠−171 0.63∠−169 0.28∠−165 0.11∠−179 0.24∠ − 169
14 1.027∠ − 19 1.17∠−125 1.20∠−124 0.4∠ − 95
0.26∠−173 0.69∠ − 123

79

80
1.4

VUF - LF, Balanced Loads (Case (a))

Magnitude of VUF %

1.2

VUF - cal, Balanced Loads (Case (a))

1

VUF - LF, Unbalanced Loads (Case (b))

0.8

VUF - cal, Unbalanced Loads (Case (b))

0.6
0.4
0.2
0

1

2

3

4

5

6

1

2

3

4

5

6

7
8
Busbar
7
8

9

10

11

12

13

14

9

10

11

12

13

14

0

Angle of VUF in Degrees

-20
-40
-60
-80
-100
-120
-140
-160
-180

Figure 4.6: Magnitudes and angles of VU factors at different busbars: IEEE 14 bus
test system, Case (a) - 3-phase balanced loads, Case (b) - 3-phase unbalanced loads
VUF obtained using load flow -V U Fk−LF (column 3) thus verifying the proposed
methodology. For voltage controlled busbars (1,2,3,6 and 8), the resultant VUF is
equal to zero.
Further, Fig. 4.6 shows the graphical representation of the distribution of resultant VUFs (magnitudes and angles) at different busbars obtained from the proposed
methodology (labelled as “VUF-cal”) and the load flow analysis (labelled as “VUFLF”). The resultant VUFs obtained through formulation and load flow analyses are
in close agreement thus demonstrating the validity of the formulation.
Theoretically, in Case (a), the influence made by the load on the resultant unbalance should be zero since loads are balanced. However, the formulation leads to
give very small contributions for V U Fkload at the busbars where the loads are con-
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nected due to the fact that there is a small amount of negative sequence current in
the network which is caused by line asymmetries. Resultant VU emission is mainly
governed by the asymmetrical line contributions and hence V U Fkd source at different
busbars reflects the effects of emissions associated with asymmetrical lines in the
entire system. In Case (b), the increase in the net unbalance emission at all busbars
is due to the added effect of load asymmetries.

4.5

Chapter Summary

This chapter has extended the concept of a complex VUF based post-connection
VU emission assessment formulation developed for radial systems to interconnected
power systems. The methodology utilises snap shot based post-connection steady
state measurements together with known system parameters to determine the numerous interactions that can take place which determine the net unbalance levels at
a POE. The resultant VU emission at a given busbar was established as a summation
of decoupled emission contributions identified as line asymmetries, load asymmetries
and local (neighbourhood) busbar voltage asymmetries.
The contribution made by line asymmetries was characterised by the negativepositive sequence coupling admittance of a line. Load contribution was evaluated
employing the CUF in the case of passive loads whereas in the case of three-phase
induction motors, the use of decoupled negative sequence admittances demonstrated
the VU compensation effect. Further, VU emission which propagates from surrounding/neighbouring busbars to the busbar under observation is separated out using this
methodology as a fraction of upstream/surrounding busbar emission levels.
The deterministic methodology of VU emission assessment as described in this
chapter can be applied in practical environments by using modern power quality instrumentation. GPS synchronised power quality instruments that are programmed
with the proposed algorithm can take snapshot based measurements (voltage, current) and by using system data and system status that are being continuously updated (e.g. changes in network configurations), VU emission assessment can be
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carried out in real time. Such a scheme will allow network service providers to automate the VU emission assessment process. Further, the work presented in this
paper can be considered as a basis for enhancing the VU management process.

Chapter 5
A Case study on VU Emission
Assessment: Analysis of VU in a
66 kV Interconnected
Sub-Transmission Network
5.1

Introduction

This chapter presents a case study on the application of the proposed VU emission
assessment methodology developed for interconnected networks given in Chapter
4 to a 66 kV Australian sub-transmission system. This network has been known
to exhibit significant voltage unbalance levels at several busbars that exceeded the
limits set out in the applicable code [65]. This code requires the negative sequence
voltage to be limited to 1% at the point of connection of three-phase installations
while allowing excursions up to 2% for a total period of 5 minutes in every 30 minute
period. However, VU levels up to 2% at some busbars during peak demand periods
have been observed in this network.
There was the initial perception that the excessive VU levels were primarily
caused by the asymmetries associated with loads and subsequently load balancing
83
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was carried out in some busbars in order to address the issue. However, no significant
improvements were noted and hence it was thought that network asymmetries arising
as a result of various untransposed lines was the cause of the major contributor. The
VU behaviour in this network has been investigated in [58, 66] employing the concept
of ‘negative sequence VU emission vector’ derived based on [1]. These studies have
identified the most dominant emission contributors establishing the global impact
made by different voltage unbalance sources on the entire system.
The work presented in this chapter applies the VU emission assessment methodology established in Chapter 4 to investigate the VU behaviour of the 66 kV network
and includes a comparison of the new approach with the approach based on the ‘negative sequence VU emission vector’ given in [58, 66]. The major objectives of the
work presented in this chapter are:
• Evaluation of constituent components of net unbalance emissions at busbar
levels and accordingly determination of dominant emission contributors;
• Development of a new methodology to rank the influences made by asymmetrical lines based on their individual emission contributions.
This chapter is organised as follows. Section 5.2 contains a summary of the
investigations and main outcomes presented in [58, 66]. Application of the new VU
emission assessment methodology to the 66 kV interconnected network is given in
Section 5.3. Methodology for ranking asymmetrical line contributions is established
in Section 5.4.

5.2

Analysis of VU Behaviour in the 66 kV Interconnected
Network: Brief Review of Work Presented in [58, 66]

5.2.1 Introduction to the Study System
The 66 kV sub-transmission network under study as shown in Fig. 5.1 (see Appendix
I for network data) is connected to the EHV transmission system at S1 (bulk supply
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point) where the negative sequence voltage has been measured to be negligible.
Some of the transmission lines of the system are longer than 50 km and are not
systematically transposed. Despite the applicable VU limit of 1%, the measured
VU levels during the peak demand periods at load busbars S7, S8 and S9 have been
noted to exceed 2%, in addition to the significant levels (1.2%) even at the upstream
busbars S2 and S4 [58].
S1: bulk supply point
C

A

B

D

F
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S3
E

S4

H
I

G

N

S5

S6
PV generator
J

K
S7

PV generator
L

S8

Capacitor banks
Voltage regulators

M
S9

Loads

Figure 5.1: 66 kV interconnected sub-transmission network [58]
The measured VU levels1 (magnitudes) corresponding to a selected time stamp
that falls within the system peak period are illustrated in Fig. 5.2. Operating
conditions related to this time stamp are given in Appendix I.
1

These measurements, provided by the system operator/owner are not based on a well defined
measurement and evaluation procedure such as described in the standard IEC 61000-4-30. Therefore, the accuracy of these VUF values are uncertain, however they can be considered to provide
a general sense of the problem. Measurements are not available for busbars S3, S5 and S9 [4].
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Figure 5.2: Measured VU factors for 66 kV interconnected network [58]

5.2.2 VU Sources and their Contributions
The study presented in [58] evaluates the net unbalance emission at busbar levels
corresponding to the time stamp referred to above by employing the linearity property of negative sequence variables. In the work undertaken, the total VU emission
level at a busbar is not separated into its constituent components, but the net global
impact on the entire network made by one source of unbalance (each individual line
and individual load) is considered on its entirety. In this process, the impact made
by line asymmetries on total VU emission levels at different busbars is evaluated
assuming balanced loads and contributions made by load asymmetries are evaluated
by assuming fully transposed transmission lines.
The VU emission contribution made by an individual line (line under observation) is governed by the corresponding vector Z21:t I1:t , where Z21:t is the negativepositive sequence coupling impedance (Z21,t is considered as a measure of line asymmetry as discussed in Chapter 3) of the line and I1:t is the positive sequence current
flowing through that line. Conversely, the VU emission contribution made by an individual load (load under observation) is assessed by the factor Z11:t I2:t , where Z11:t
is the positive sequence impedance of any line which carries the negative sequence
current I2:t caused by that load asymmetry.
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The aggregated impact of load and line asymmetries was evaluated by integrating
individual emission contributions. Magnitudes of VUFs at different busbars corresponding to three different modelling scenarios are shown in Fig. 5.3 together with
measured levels. The VUFs obtained by analysing the original network corresponds
to Case I whereas Cases II and III correspond to the scenarios: (a) balanced lines
and unbalanced loads and (b) unbalanced lines and balanced loads respectively. Further, the most dominant VU emission contributors in the network were established
by determining the negative sequence VU emission vector for individual lines and
loads in comparison to a fictitious resultant VU emission vector evaluated for the
representation of the total load or line asymmetries.
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Figure 5.3: Magnitudes of resultant VU factors at different busbars in the 66 kV
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(b). Resultant VU factors at different Busbars - New approach
5.3.1 Analysis
of the existing system

VU behaviour exhibited by the 66 kV interconnected network is investigated by
applying the emission assessment methodology presented in Chapter 4. The contribution made by different sources of unbalance at busbar levels in terms of complex
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VUFs is established by examining the network with unbalanced passive loads and
untransposed lines (loading and network details are given in Appendix I). The resultant VU levels at different busbars (V U Fk ) and their constituent components
(application of (4.13)) as identified by V U Fkload , V U Fkline and V U Fkd source are given
in Table 5.1.
Table 5.1: Voltage unbalance emission outcomes of the 66 kV interconnected network: Case I - Analysis of original network with existing unbalance conditions
Bus VUF
at Local load Local
line Local busbar
# POE V U Fk contribution contribution contribution
%
V U Fkload %
V U Fkline %
V U Fkd source
%
S2 0.86∠ − 154 0.20∠175
0.04∠ − 106 0.76∠ − 148
S3 0.12∠ − 159 0.02∠ − 89
0.06∠131
0.10∠ − 134
S4 0.50∠ − 133 0.04∠ − 104 0.11∠ − 12
0.52∠ − 145
S5 0.37∠ − 121 0∠0
0.16∠4.5
0.49∠ − 136
S6 1.27∠ − 160 0.006∠145
0.16∠155
1.16∠ − 154
S7 1.38∠ − 161 0.25∠159
0.04∠ − 33
1.46∠ − 155
S8 1.80∠ − 157 0.18∠ − 160 0.07∠ − 3
1.67∠ − 158
S9 1.92∠ − 157 0.07∠ − 131 0.09∠ − 153 1.77∠ − 159
In general, the net VUFs (V U Fk ) (2nd column) are seen to be influenced to a
lesser degree by the local load asymmetry (3rd column) or local line asymmetries
(4th column) compared to the local busbar voltage asymmetries (V U Fkd source ) (5th
column). That is, the effect of background unbalance which is transfered to the
POE is significant in this network. Since the bulk supply point of the network (S1)
is considered to have negligible voltage unbalance, V U Fkd source associated with a
selected POE primarily arises as a result of the interactive effects of asymmetries
which exist in the rest of the system outside the hypothetical boundary of that POE
(busbar under assessment).

5.3.2 Determination of most Dominant Emission Contributors
For the purpose of VU mitigation, it is important to investigate the dominant emission contributors in the network. According to the results given in Table 5.1, the
propagated VU emission from adjacent busbars (V U Fkd source ) has made a significant
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contribution to the net VUF of each POE2 considered. Apart from that, in comparison to local load and local line contributions (V U Fkload and V U Fkline respectively),
busbars S2, S7 and S8 are associated with higher V U Fkload values whereas busbars
S4, S5 and S6 are associated with relatively higher contributions of V U Fkline . Thus,
the information given in Table 5.1 which corresponds to Case I - original system with
its existing unbalance conditions, is not sufficient to identify the most influencing
emission contributor as a load or a line. Therefore, a new analysis is carried out by
considering the emission assessment methodology under the following scenarios to
find the dominant contributors. The integrated impact made by untransposed transmission lines only on the network was evaluated by examining network operation
under balanced loading conditions (Case II). Conversely, the impact of unbalanced
loads on the network is investigated assuming ideally transposed lines (Case III).
The respective emission separation outcomes are shown in Tables 5.2 and 5.3.
In Case III, for the system with transposed lines, V U Fkline is zero (4th column in Table 5.3) as it is governed by the term Y21:xy which is zero for symmetrical lines. However, in Case II - system with balanced loads, small values
exist for V U Fkload (3rd column in Table 5.2) since there are very small negative
sequence currents which are reflected in the calculation of load contribution (i.e.
P
11:ki
Vdrop-t(k−i) ). Further, it can be seen that the
V U Fkload = (CU Fk − V U Fk ) ni6=k YY22:kk
local load contributions (V U Fkload ) while being small are not vastly different under
both balanced and unbalanced loading conditions (3rd column in Tables 5.2 and
5.3); i.e. the negative sequence current flowing in the system is not significantly affected by the load unbalance. Further, significant VU improvement at busbar levels
can be seen for Case III where transmission lines are fully transposed compared to
the same for Case II (2nd column in Tables 5.2 and 5.3). Hence, the most significant emission contributors can be identified as asymmetrical lines in general. Fig.
2
As stated in Chapter 4, emission assessment methodology uses reduced system representation
with a hypothetical boundary which encircles all local busbars and accordingly local busbar contribution (V U Fkd source ) is introduced to represent the contribution made by all sources of unbalance
beyond hypothetical boundary of the busbar under assessment. Thus, V U Fkd source is not a primary
cause of unbalance for this case (as negligible unbalance is observed at the bulk supply point)
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5.4 illustrates the magnitudes of different busbar VUFs (|V U Fk |) under the three
different scenarios discussed above.
Table 5.2: Voltage unbalance emission outcomes of the 66
work: Case II-Balanced loads, Untransposed lines
Bus VUF
at Load con- Line
con#
POE V U Fk tribution
tributions
%
V U Fkload %
V U Fkline %
S2
S3
S4
S5
S6
S7
S8
S9

0.67∠ − 131
0.08∠ − 163
0.39∠ − 106
0.35∠ − 84
0.98∠ − 138
1.33∠ − 132
1.37∠ − 123
1.47∠ − 125

0.06∠ − 149
0.003∠ − 113
0.007∠ − 88
0∠0
0.005∠ − 175
0.02∠ − 152
0.09∠ − 102
0.05∠ − 94

0.04∠ − 106
0.06∠130
0.11∠ − 12
0.16∠4.5
0.16∠155
0.04∠ − 33
0.07∠ − 3
0.09∠ − 153

Table 5.3: Voltage unbalance emission outcomes of the 66
work: Case III- Unbalanced loads, Ideally transposed lines
Bus VUF
at Load con- Line
con#
POE V U Fk tribution
tributions
%
V U Fkload %
V U Fkline %
S2
S3
S4
S5
S6
S7
S8
S9

0.41∠166
0.04∠ − 151
0.22∠174
0.22∠172
0.49∠149
0.74∠138
0.97∠149
1.0∠149

0.15∠161
0.02∠ − 85
0.04∠ − 110
0∠0
0.004∠83
0.19∠99
0.15∠165
0.04∠ − 175

0∠0
0∠0
0∠0
0∠0
0∠0
0∠0
0∠0
0∠0

kV interconnected netLocal busbar
contributions
V U Fkd source
%
0.58∠ − 130
0.08∠ − 117
0.40∠ − 122
0.38∠ − 108
0.93∠ − 129
1.14∠ − 130
1.32∠ − 127
1.35∠ − 124

kV interconnected netLocal busbar
contributions
V U Fkd source
%
0.26∠169
0.03∠ − 177
0.22∠165
0.22∠172
0.49∠150
0.60∠150
0.83∠146
0.97∠147

5.3.3 Discussion
For different scenarios considered (Case I, II and III), an unbalanced load flow program written in MATLAB was used to establish the post-connection data requirement as well as used as a validation technique by evaluating VUFs at busbar levels.
The Y bus admittance matrix in the sequence domain is also established by using
transmission line and capacitor bank data in order to support the mathematical
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(a). Resultant VU factors at different Busbars - [2] & [3]
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Figure 5.4: Magnitudes of resultant VU factors at different busbars in the 66 kV
interconnected network, new approach: Case I - Original network with existing
unbalance. Case II - Network with unbalanced lines and balanced loads. Case III Network with balanced lines and unbalanced loads.
formulation. The following observations can be derived from the study.
• Net VU emission levels at various busbars were decomposed in to constituent
components in terms of VUFs as identified by local load asymmetry, local
line asymmetry and local busbar voltage asymmetry in comparison to the
global effect made by different sources of unbalance at busbar levels as given
in [58, 66].
• The dominant emission contributors in general were identified as the asymmetrical transmission lines by examining the given network under Case II and
Case III.
• Magnitudes of VU factors as shown in Figs. 5.3 and 5.4 are in close agreement,
thus verifying the outcomes of the methodology against the results in [58, 66].
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5.4

Ranking of VU Emission Contributions made by Asymmetrical Transmission Lines

5.4.1 Emission Contributions made by Individual Lines
As established in Section 5.3, existing VU in the 66 kV network is mainly caused by
untransposed transmission lines. Thus, it is now important to investigate the individual contributions made by the various lines on the entire network as it facilitates
the identification and ranking of most influencing lines to mitigate and/or reduce
existing VU levels.
In the proposed emission assessment formulation, the line contribution identified
as (4.15) does not reflect the absolute contribution made by a particular line, however
21:ki
the term - YY22:kk
Vdrop-t(k−i) represents a portion of the normalised contribution made

by all lines connected to the busbar under observation. Alternatively, referring to the
VU emission separation outcomes of a radial power system presented in Section 3.2,
21,t
contribution made by an asymmetrical line has been identified as - ZZ11,t

V

reg-line
.
(1+Vreg-line )
This describes the influence made by a standalone line which connects a source and

a load together. Here, Vreg-line is the voltage regulation of the line which is equal
to the Vdrop-t(k−i) resulting from the unidirectional power flow of the radial system.
Thus, the individual emission contribution made by a selected line (line ‘ki’) in the
interconnected network can be assessed by modifying the line emission in a radial
network as

Vdrop-t(k−i)
Y21:ki
Y22:ki (1+Vdrop-t(k−i) )

since

Y21:ki
Y22:ki

= − ZZ21,t
and Z11,t = Z22,t .
11,t

5.4.2 Identification of Influencing Lines
Based on the clarification of emission contributions made by individual lines, VU
emission in terms of complex VUFs caused by different lines in the 66 kV network
are investigated in a graphical environment (polar plots) as phasors to evaluate
the most influential lines. Further, the summation of individual line contributions
is also evaluated and plotted as a resultant line contribution phasor (albeit being
hypothetical) alongside the individual contributions to observe the integrated effect
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made by asymmetrical lines on the entire network.
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Figure 5.5: Illustration of dominant VU emission contributions (in terms of complex
VU factors) made by individual lines in the 66 kV network as phasors, (a) Existing
untransposed lines, (b) Line F is transposed, (c) Lines F and A are transposed, (d)
Lines F, A and I are transposed
Fig. 5.5 (a) shows individual line contributions and the resultant line contribution phasor for the existing sub-transmission network. It is to be noted that only the
dominant line emission contributions are shown in the polar plot as these plots have
been drawn to scale. Lines F, A, I and D can be seen to make significant emission
contributions in the existing network. Line transposition options can be evaluated
as discussed below:
• The contribution made by line F to the resultant line emission level is seen to
be dominant as the corresponding vector lies in close proximity to the resultant
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vector. Therefore, the most influential line can be identified as line F which is
to be transposed first to reduce existing unbalance.
• The remaining line emission contribution vectors with new resultant line emission vector after transposing line F are evaluated and plotted in Fig. 5.5 (b).
It illustrates that line A is the next most influential line as its corresponding
phasor which almost coincides with resultant line contribution phasor.
• Similarly, 5.5 (c) shows the next line (line I) to be transposed to improve
further existing unbalance after transposing lines F and A.
• Thus, after transposing lines A, F and I, resultant line emission contribution
has reduced to 0.4% as shown in 5.5 (d) compared to the initial value of approximately 1.8%. The same methodology can be applied for further reduction
of unbalance in terms of identification and transposition of subsequent most
influential lines.
The grey sectors in each polar plot show the cluster of vectorial distribution of
net VU emission (V U Fk ) phasors corresponding to all busbars. The resultant line
emission contribution vector is seen to be located within the grey sector, seemingly
influencing V U Fk levels. Thus, reduction of resultant line emission contribution
phasor by transposing lines reduces the busbar VU levels. These reductions of
busbar VUFs prior to each line transposition exercise is clearly demonstrated by
Fig. 5.6.
The outcomes of this study are in close agreement with the findings of the line
ranking methodology based on the analysis of emission vectors (established in terms
of the negative sequence voltage drop of standalone lines) as considered in [58, 66].

5.5

Chapter Summary

The work presented in this chapter covered a comprehensive analysis of existing VU
behaviour of a practical 66 kV interconnected sub-transmission network based on
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Figure 5.6: Magnitudes of VUFs at different busbars without and with line transpositions
the VU emission assessment methodology for interconnected networks presented in
Chapter 4.
The resultant VU emission at busbar levels are separated in to their constituent
components as identified by contributions made by the local load, contribution made
by local lines and local busbar voltage asymmetries. The portion of propagated VU
emission (i.e. local busbar contribution) was found to be significant and the influence made by load asymmetries was found to be small in general. Hence the
background unbalance is most affected by the presence of line asymmetries. Using
this approach, the most dominant emission contributors were identified as untransposed sub-transmission lines in the network considered.
A line emission ranking methodology was proposed by evaluating emission contributions made by individual lines in terms of complex VUFs and representing them
in a graphical form. This method provides line transposition options and hence assists in systematically determining the VU mitigation. VU emission improvements
provided by each line which is subjected to transposition and the overall emission
improvement at busbar levels were evaluated in the study.

Chapter 6
Deterministic Methodologies for
the Quantification of Voltage
Unbalance Propagation in Radial
and Interconnected Networks
6.1

Introduction

The resultant VU emission level at a specific location (POE) is affected by the
asymmetry of the loads and the lines that are connected to the POE in addition to
the background VU which is caused by the load and line asymmetries associated with
the rest of the system. Thus, the concept of VU propagation has to be developed
to account for the impact of background unbalance that is transfered to the POE.
VU propagation discussed in [67, 68, 69] investigates the influence made by the
propagated unbalance from upstream or surrounding locations to the POE in terms
of the total VUF at the POE. However, very limited work [53, 54] exists to determine
the exact amount of VU that propagates from a specific location of the network to
the POE which influences the total emission at the POE.
As discussed in Section 2.4.3, IEC VU emission allocation methodology [1] incor96
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porates the contribution made by the upstream/surrounding voltage unbalance to
the POE by introducing VU transfer coefficient and influence coefficients. In a radial
network, the level of VU that is transfered to the downstream busbar from upstream
is expressed as a portion of the planning level of the upstream busbar which is scaled
down using the transfer coefficient and accordingly the global emission allowance for
the considered system is evaluated. Further, the influence coefficient is used to evaluate the effective apparent power capacity of the entire system as seen by a busbar
under assessment when considering the influence made by neighbouring busbars in
an interconnected network. However, the rudimentary approach provided in [1] to
evaluate those coefficients has been shown to have anomalies based on the recent
studies on VU management [53, 54]. For these reasons, the present IEC approach on
evaluating VU transfer and influence coefficients is critically discussed in the next
section, identifying their shortcomings and limitations, thus providing paths for new
investigations.
As per the post-connection VU emission assessment techniques presented in this
thesis, a generalised approach was established to identify the major emission contributors to the POE. Accordingly, the influence made by background unbalance
(upstream or surrounding unbalance which is represented by an equivalent unbalanced voltage source) on the total VU emission at the POE is identified as a primary
emission contributor. The deterministic methodologies presented in Chapters 3 and
4 covering radial and interconnected networks evaluate all individual emission contributions as decoupled components utilising pre/post-connection voltage/current
measurements and known network parameters. Thus, such approaches can be used
to quantify the VU propagation assuming the steady state operation of the power
system in the post-connection stage of installations. The primary objectives of the
work presented in this chapter are:
• to critically discuss the VU propagation behaviour associated with different
load types in radial and interconnected networks utilising VU emission assessment outcomes presented in Chapters 3 and 4, and
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• to deduce theoretical bases which allows quantification of VU propagation
coefficients in a generalised manner.
This chapter is organised as follows: Section 6.2 gives a critical discussion on the
existing methods available for evaluating VU propagation coefficients. Compliance
assessment outcomes presented in Chapters 3 and 4 are summarised in Section 6.3
providing the foundation for the work given in Section 6.4 which describes comprehensive methodologies for evaluating VU propagation coefficients. This work is
supplemented by employing simulation results.

6.2

Evaluation of VU propagation Coefficients: IEC approach

6.2.1 Transfer Coefficient
According to the IEC explanation [1], the VU transfer coefficient represents the
fraction of upstream VU that is transferred to the considered downstream busbar
in a radial network as given in (6.1) (reproduction of (2.6)).

Tus−i =

ui
uus

(6.1)

where Tus−i is the VU transfer coefficient from upstream to ith system; ui and uus
are VUFs in the ith and upstream systems respectively.
The concept of VU transfer has been established in a very much similar manner
to the flicker transfer coefficient [3] which is defined as a fraction of upstream flicker
that transfered to the downstream system as given by

Pst,A
Pst,B

where Pst,A and Pst,B

represent flicker levels at downstream system (busbar ‘A’) and upstream system
(busbar ‘B’) respectively. Application of these definitions to evaluate electromagnetic disturbance emission transfer is questionable since the above definitions rely
on the fact that the new disturbing load which is to be provided with an emission
allocation is yet to be connected. In other words, the transfer coefficient is influ-
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enced by the downstream load. As an example, in the case of flicker analysis, total
flicker level at the downstream busbar is influenced by the upstream flicker source
and the characteristics of the downstream load. That is, Pst,B is composed of the
contributions made by Pst,A as well as downstream load characteristics. In the case
of VU emission, network asymmetries influence the resultant VU emission level at
the downstream busbar in addition to the contributions made by load asymmetry, its
type and the upstream VU that propagates to the downstream system. In practice,
when measurements are carried out, ui in (6.1) consists of not only the influence
made by uus , but also includes the contribution made by the load and line asymmetries as well. Thus, the IEC definition of VU transfer can be applicable to the
pre-connection stage of the load to which emission allocation is to be granted only
in the cases where the upstream unbalanced source is the only contributor in the
considered system (i.e. the network and the downstream load are balanced) which
is not the case in practical scenarios.
Further, the emission allocation methodology does not specify any systematic
approach to evaluate these transfer coefficients under practical system operating
conditions. The IEC report [1] recommends system operators to determine these
factors through simulations or measurements. As a conservative guide, the transfer
coefficient can be approximated to unity whereas it can take values less than unity
in the case of three phase induction motors presence at the downstream systems.
Accordingly, the VU transfer coefficient from MV (upstream) to LV (downstream)
(TuML ) can be evaluated approximately using (6.2) (reproduction of (2.7)).

TuML =

1
s −1
1 + km kksc+1

(6.2)

where km is the ratio of rated motor power in MVA to total MVA load supplied by
the LV system; ks is the ratio between positive and negative sequence impedances of
the motor load supplied by the LV system; ksc is the ratio of LV short circuit level
to total load in MVA supplied by the LV system.
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6.2.2 Influence Coefficient
The influence coefficient (ki−x ) gives a measure of VU propagation in interconnected
networks. Coefficient ki−x , related to busbars i and x, is defined as the VU which
arises at busbar x when 1 pu of negative sequence voltage is applied at busbar i.
This coefficient is employed in the HV/EHV emission allocation procedure in determining the total available apparent power as seen by the busbar under observation
to account for the contributions made by neighbouring busbars in the interconnected
network as discussed in Section 2.4.5. This definition does not account for the effects
of simultaneously existing unbalance sources (i.e. multiple busbars connected to the
busbar under assessment through different lines) at busbar x which is caused by the
interconnected nature. Further, similar to the case of the transfer coefficient, VU
emission at busbar x arises as a result of the influence made only by the unbalance
applied at busbar i. Otherwise, the VU at busbar x is affected by other load and
line unbalances as discussed previously.
Further studies1 in relation to VU propagation [4] [54] which have addressed the
deficiency of the IEC approach have demonstrated that the transfer coefficient has
a dependency on the type of load (eg. whether it is a passive load or an induction
motor load) connected at the downstream busbar. Accordingly, a typical range for
transfer coefficient was proposed as 1.1 ≥ Tmv−lv ≥ 0.6. Further, with respect to
interconnected networks, influence coefficients [54] were found to be approximately
equal to unity in the case of passive loads and was shown to be considerably smaller
than unity when induction motor loads are connected at the busbar x.
1

As discussed in Section 2.4.3
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6.3

Post-connection VU Emission Assessment in Radial and
Interconnected Power Systems : Summary of Chapters
3 and 4

The concept of VU propagation can be further developed by investigating the deterministic methodologies developed for the quantification of decoupled emission
contributions of post connection VU emission levels at the POE. Hence, this section provides a summary of the major outcomes of theoretical bases established in
Chapters 3 and 4 in relation to VU emission assessment in radial and interconnected
networks.
The proposed VU emission assessment methodologies have established a generalised approach for identifying different sources of unbalance at the POE in relation
to radial and interconnected networks while separating the customer and network
responsibility on VU emission. Accordingly, major VU emission contributors were
identified as those corresponding to: load asymmetry, line asymmetries and background unbalance (upstream or surrounding unbalance which is represented as unbalanced voltage sources). Hence, the constituent components of the resultant postconnection VU emission at the POE are as given in (6.3) (reproduction of (3.13)) in
terms of the complex VU factors for radial networks and in (6.4) (reproduction of
(4.13)) for interconnected networks. Mathematical formulations presented in Chapters 3 and 4 evaluate the three components as decoupled contributions in such a
way that they reflect their own asymmetries through the decoupled formulation and
these individual contributions are given in Tables2 6.1 and 6.2. In addition to the
separation of various VU sources, consideration was given to passive loads and induction motor loads in developing the VU emission assessment methodologies and
2

All terms used in these tables were originally developed and used in the respective chapters
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mixed load behaviour was considered in relation to radial networks3 .

6.4

line
source
V U FP OE = V U FPload
OE + V U FP OE + V U FP OE

(6.3)

V U Fk = V U Fkload + V U Fkline + V U Fkd source

(6.4)

Evaluation of VU Propagation Coefficients Based on the
VU Emission Assessment Outcomes

The emission assessment methodologies summarised in Section 6.3 identify the background unbalance which is transfered to the POE by configuring the source contribution that is expressed as a portion of upstream/local busbar VUF (3rd , 5th and
8th rows in Table 6.1 and 3rd and 5th rows in Table 6.2). This fact can be used as
the basis for evaluating VU propagation coefficients which modify IEC definitions
of VU transfer while considering simultaneously existing sources of unbalance at the
POE.
In the case of radial networks, the source contribution (V U FPsource
OE ) represents the
influence made by the upstream unbalanced voltage source on the POE (i.e. the level
of upstream unbalance that is transfered to the POE). Therefore, a VU propagation
coefficient (from upstream to downstream, i.e. to POE) which represents the fraction
of upstream unbalance that is transfered to downstream (pcpoe−us ) can be defined
as a phasor quantity as given in (6.5);

pcpoe−us =

V U FPsource
OE
V U Fsource

(6.5)

where V U FPsource
OE is the contribution made by the upstream source to the POE and
V U Fsource is the VUF at the upstream source.
In the case of interconnected networks, the contribution made by the local busbar
3

Mixed load behaviour in relation to interconnected networks is not included in the work due
to the extreme complexity involved in the mathematical formulation

Line asymmetry
V U FPline
OE

Load asymmetry
V U FPload
OE

Line asymmetry
V U FPline
OE

Source asymmetry
V U FPsource
OE

6

7

8

Source asymmetry
V U FPsource
OE
Mixed loads

5

4

Vreg-line

Z1,m +Z11,t
Z2,m +Z22,t





Z2,m
Z1,m

Z2,m
Z1,m








Z1,m Z2,m (1+Vreg-line )





V U Fsource

Z1,m Z2,m (1+Vreg-line )+Z22,t (Z1,m −Z2,m )

Z1,m Z2,m Vreg-line

Z1,m Z2,m (1+Vreg-line )+Z22,t (Z1,m −Z2,m )

21,t
− ZZ11,t

1,m



Z
Z1,m Z2,m Vreg-line − Z22,t
Z1,m Z2,m (1+Vreg-line )+Z22,t (Z1,m −Z2,m )

V U Fsource



(V U FP OE − CU FPload )



−

Z21,t
Z22,t +Z2,m

(1+Vreg-line )

V U Fsource

21,t
− ZZ11,t

Vreg-line
Z21,rec
Z11,rec (1+Vreg-line )

Table 6.1: VU emission assessment outcomes: Radial networks
Individual
con- Mathematical expression for the contribution made
tributor

loads
Load asymmetry
V U FPload
OE
2
Line asymmetry
V U FPline
OE
3
Source asymmetry
V U FPsource
OE
Induction motor loads

Row
identifier
Passive
1

!
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Table 6.2: VU emission assessment outcomes: Interconnected networks
Row
Individual
con- Mathematical expression for the contribution
iden- tributor
made
tifier
Passive loads
Pn
Y11:ki
1
Load asymmetry
i6=k (CU Fk − V U Fk ) Y22:kk Vdrop-t(k−i)
load
V U Fk
P
21:ki
2
Line asymmetry − ni6=k YY22:kk
Vdrop-t(k−i)
line
V U Fk

P
22:ki
3
Source asymmetry − ni6=k YY22:kk
1 + Vdrop-t(k−i) V U Fi
V U Fkd source
Induction motor loads
Pn Y21:ki Vdrop-t(k−i)
4
Line asymmetry
i6=k
Y2:m −Y22:kk
V U Fkline
Pn Y22:ki (1+Vdrop-t(k−i) )
5
Source asymmetry
V U Fi
i6=k
Y2:m −Y22:kk
d source
V U Fk
d source
voltage asymmetries (V U Fk−i
) is quantified as a portion of the VU emission

associated with local (surrounding) busbars (V U Fi ). Therefore, the VU propagation
coefficient with respect to busbar ‘k’ resulting from the influence made by busbar ‘i’
(pck−i ) which represents a fraction of the VU emission at busbar ‘i’ that is transfered
to busbar ‘k’ can be defined as follows:

pck−i =

d source
V U Fk−i
V U Fi

(6.6)

d source
where V U Fk−i
is the local busbar contribution made to busbar ‘k’ by busbar ‘i’

and V U Fi is the VUF of the ith busbar.
Referring to the VU emission assessment outcomes of (6.3) and (6.4), the emission contribution made by upstream/local busbars is evaluated as a fraction of the
VUF of upstream/local busbars and the respective scaling factor represents the ratio
V U FPsource
OE
V U Fsource

in the case of radial networks and the ratio

d source
V U Fk−i
V U Fi

for interconnected

networks. In other words, VU propagation coefficients can be established using
the scaling factor associated with source contributions identified in the emission assessment methodologies. Therefore, these coefficients can be specified in terms of
known system parameters for different load types as described in the following sec-
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tions. Although the new definitions of VU propagation coefficients (6.5) and (6.6)
are established as phasor quantities, the following sections demonstrate that propagation coefficients are not sensitive to the phasor angle and they can be evaluated
as scalar quantities. Thus, the new quantification provides a path to overcome the
limitations and shortcomings of the IEC approach in determining VU transfer and
influence coefficients when applicable to practical networks.

6.4.1 Voltage unbalance emission propagation in radial networks
Passive Loads
In the case of passive loads connected at the POE, the contribution made by the
upstream source VU asymmetry at the POE (V U FPsource
OE ) is equal to V U Fsource
making the scaling factor equal to unity (3rd row in Table 6.1). That is, upstream
VU is transfered to the downstream busbar (POE) without any attenuation. Thus,
pl
the VU propagation coefficient as a scalar quantity for passive loads (P Cpoe−us
) can

be considered to be equal to unity as shown in (6.7). This outcome can be used to
support the IEC approach where the MV-LV transfer coefficient that is considered
to be approximately equal to unity for radial networks extending from MV to LV.
pl
P Cpoe−us
= |pcpl
poe−us | = 1

(6.7)

Three-phase Induction Motor Loads
In the case of induction motor loads at the POE, the emission contribution made by



Z1,m +Z11,t
Z2,m
the upstream source at the POE (V U FPsource
)
is
equal
to
V U Fsource .
OE
Z1,m
Z2,m +Z22,t



Z1,m +Z11,t
which is defined by network and motor
Therefore, the factor ZZ2,m
Z2,m +Z22,t
1,m
impedances, modifies the upstream source VUF to represent the amount of VU that
propagates to the downstream load busbar. The magnitude of this scaling factor
was shown to be less than unity and it merely acts as a scalar quantity for a given
network and motor configuration as the associated phase angle is very small (close to
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zero) for all scenarios considered (see Section 3.2.3). Hence, a generalised expression
for the VU propagation coefficient can be established (considering only the absolute
value) for three-phase induction motor loads in radial networks as given by (6.8).

im
P Cpoe−us

=

|pcim
poe−us |


=

Z2,m
Z1,m



Z1,m + Z11,t
Z2,m + Z22,t


(6.8)

im
to different
The following case study demonstrates the sensitivity of P Cpoe−us

motor ratings and network characteristics. The 12.47 kV radial power system4 that
is used in Section 3.3.3 supplying a 2.3 kV, 2250 hp motor and a 2.3 kV, 500 hp motor
(one motor is considered at a time) was studied when supplied by untransposed lines
of different lengths. VU propagation coefficients evaluated using (6.8) for different
cases together with the resulting voltage regulation of the line are given in Table
6.3.
im
) for the radial network supplying
Table 6.3: VU propagation coefficients (P Cpoe−us
3-phase induction motor loads
line
2.3 kV, 2250 hp motor
2.3 kV, 500 hp motor
length
km
Voltage
VU Propagation coVoltage
VU Propagation coim
regulation
efficient pcpoe−us
regulation
efficient pcim
poe−us
Vreg-line %
Magnitude angle (in Vreg-line %
Magnitude angle (in
im
im
P Cpoe−us
degrees)
P Cpoe−us
degrees)
1
2.6∠180
0.88
1.2
2.5∠180
0.91
0.4
5
4.7∠180
0.81
4.1
3.0∠180
0.89
0.95
10
5.3∠180
0.73
7.1
3.0∠179
0.87
1.6
20
14.0∠178
0.62
12
4.5∠179
0.83
2.8
25
18.0∠178
0.53
15
4.7∠179
0.81
3.2

The following conclusions can be made based on the results presented in Table 6.3
and Fig. 6.1.
• As the phase angle associated with the propagation coefficient is nearly zero
(columns 4 and 7 of Table 6.3), consideration of a scalar quantity is sufficient
im
for P Cus−poe
(= |pcim
us−poe |).

• As demonstrated in Fig. 6.1, longer lines (i.e. higher levels of Vreg-line ) lead to
4

Details of this radial network are given in Appendix D
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1.0

VU propagation coefficient
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2.5%

0.9
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0.8
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0.7

5.3%

0.6

9.8%

Vreg-line

0.5
0.4

14%

18%

2250 hp, 2.3 kV motor

0.3

500 hp, 2.3 kV motor

0.2
0.1
0.0
0

5

10

15

20

25

Line length km
im
Figure 6.1: VU propagation coefficients (P Cpoe−us
) for different three-phase induction motor loads in a radial network

smaller VU propagation coefficients.
im
is seen to be equal in magnitude in relation to both motors when the
• P Cpoe−us

same voltage regulation of the line is maintained (when the Vreg-line is 4.7%,
im
is in the range of 0.80-0.81). Normally, pu impedances of induction
P Cpoe−us

motors which are derived based on their own rated values are approximately
equal (Z1:m1 = Z1:m2 and Z2:m1 = Z2:m2 ) irrespective of the power rating of
the motor. Since the same voltage regulation is maintained in both cases, pu
impedances of the transmission line are also equal for the specific line design.
This results in nearly identical VU propagation factors for both cases as noted
above.

Mixed loads
A generalised expression for the VU propagation coefficient which represents upstream to downstream VU transfer in the presence of mixed loads at the POE in a
radial network can be established considering the emission contribution made by an
upstream source at the POE (8th row in Table 6.1). Similar to the cases of passive
loads and induction motor loads, the scaling factor which modifies the upstream
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source VUF represents the fraction of VU that transfers to the downstream busbar.
ml
Therefore, the VU propagation coefficient P Cpoe−us
can be established considering

only the magnitude of the relevant scaling factor as given in (6.9).

ml
P Cpoe−us

=

|pcml
poe−us |


=

Z1,m Z2,m (1 + Vreg-line )
Z1,m Z2,m (1 + Vreg-line ) + Z22,t (Z1,m − Z2,m )


(6.9)

ml
P Cpoe−us
is sensitive to the changes in the load composition as it is governed by

the sequence impedances of the induction motor and the voltage regulation of the
line, which is a measure of the line loading.
The formulation given by (6.9) can be compared with the IEC approach to
determine the MV to LV transfer coefficients as given by (6.2). The following case
ml
evaluated
study demonstrates the variation of VU propagation coefficient P Cpoe−us

for the radial network shown in Fig. 6.2 which supplies a 1.2 MVA mixed load (2.3
kV, 500 hp three-phase induction motor loads and 2.3 kV constant power loads) for
different load compositions: (a) by applying (6.9) and (b) by the application of (6.2)
(IEC approach).
Upstream source
12.47kV

Mixed load
2.3kV, 1.2 MVA
Untransposed line
2MVA
12.47kV/2.3kV

M

Xt= 5%

Figure 6.2: MV-LV radial network containing a mixed load
As shown in Fig. 6.3, when the mixed load is composed of only passive loads
(i.e. km = 0), the VU propagation coefficient is equal to unity as expected. That
is, the total upstream VU emission is transfered to the POE with no attenuation.
When the proportion of the motor load is increased in the mixed load, the transfer
coefficient decreases together with increasing VU attenuation provided by induction
motors. The maximum attenuation can be obtained when km =1 (i.e. total load
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is composed of three-phase induction motors only). Further, it can be seen that
the outcome of the IEC approach for evaluating VU transfer coefficients is less
conservative compared to the proposed approach when the mixed load has a higher
proportion of induction motor loads.

VU propagation coefficient

1
0.9
0.8
0.7
Proposed method Ksc=20, Ks=5.2

0.6

Proposed method Ksc=10 Ks=5.2
IEC method Ksc =20, Ks=5.2

0.5

IEC method Ksc=10, Ks=5.2
0.4
0

0.2

0.4

0.6

0.8

1

Ratio between motor load and the total load (km)

Figure 6.3: VU propagation coefficients evaluated for a radial network in the presence of a mixed load in comparison to the IEC approach given in (6.2)

6.4.2 Voltage Unbalance Propagation in Interconnected Networks
Passive Loads
In the case of passive loads at the POE, the influence made by the local busbar
voltage asymmetries (V U Fkd source ) on the total VU factor at the POE is given by
the summation of scaled VUFs of local busbars. Hence, each scaling factor associated

22:ki
with V U Fi (i.e. − YY22:kk
1 + Vdrop-t(k−i) - 5th row of Table 6.2) represents the fraction
of VU that propagates from that particular busbar (busbar ‘i’) to the busbar under
observation (busbar ‘k’).
Similar to the case of radial networks, a generalised expression can be established
to evaluate the VU propagation coefficient in relation to busbar ‘k’ by considering the
pl
influence made by busbar ‘i’ (P Ck−i
) as given in (6.10). As described by (6.10), use

of the magnitude of relevant scaling factors can be verified using the results obtained
from the analysis of the IEEE 14 bus test system and the 66 kV interconnected sub-
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transmission system (discussed in Chapter 5).

pl
= |pcpl
P Ck−i
k−i | =


Y22:ki
1 + Vdrop-t(k−i)
Y22:kk

(6.10)

In (6.10), as discussed in Section 4.3.1, Y22:ki is the negative sequence admittance
of the line ‘k-i’ and Y22:kk is the sum of individual negative sequence admittances of
all lines connected to busbar ‘k’ (ie. Y22:kk = Y22:k1 + Y22:k2 + ... + Y22:ki ). Vdrop-t(k−i) is
the normalised positive sequence voltage drop of the line ‘k-i’. According to (6.10),
pl
is primarily governed by the ratio
P Ck−i

Y22:ki
Y22:kk

as (1 + Vdrop-t(k−i) ) has a limited

pl
primarily
variation in its magnitude (i.e. around 10% - 15%). Therefore, P Ck−i

depends on the network topology (Y22:kk ) while there is a small influence made by
the line loading level which is governed by the voltage regulation of the line. Further,
VU propagation is not sensitive to the network asymmetry nor the load unbalance
pl
since P Ck−i
is governed by the negative sequence impedance/admittance of the

line (noting that, for passive elements, negative sequence impedances are equal to
positive sequence impedances), but not on the inherent asymmetries (i.e. CU F nor
Z21,t ).

Figure 6.4: IEEE 14 bus test system (Reproduction of Fig. 4.5)

111

VU Propagation Coefficients - IEEE 14 Bus Test System
VU propagation coefficients are evaluated for the IEEE 14 bus test system shown in
Fig. 6.45 utilising the VU emission assessment outcomes discussed in Section 4.4.2
pl
=|
(P Ck−i

d source
V U Fk−i
|).
V U Fi

The results of this evaluation are shown in Table 6.4. It is

to be noted that the IEEE 14 bus test system contains voltage controlled busbars
where negligible VU emission levels are assumed at busbars 1, 2, 3, 6 and 8. Further,
14 bus test system is assumed to supply three-phase balanced constant power loads
since the propagation coefficients have been noted to be independent of both load
and network asymmetries.
Table 6.4: VU propagation
Busbar under
assessment
k
4
4
4
5
9
9
9
9
10
10
11
12
13
13
14
14
5

coefficients evaluated for the IEEE 14 bus test system
Local bus- VU Propagation coeffibar
cient pcpl
k−i
i
Magnitude
angle (in
pl
P Ck−i
degrees)
5
0.57
0.07
7
0.13
-0.30
9
0.05
-0.34
4
0.62
0.0
4
0.07
-0.06
7
0.37
-0.12
10
0.45
0.10
14
0.13
0.09
9
0.70
0.0
11
0.31
0.0
10
0.51
0.0
13
0.49
0.0
12
0.03
0.0
14
0.91
0.0
9
0.03
0.0
13
0.97
0.0

Details of the IEEE 14 bus test system are given in Appendix H
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VU Propagation Coefficients - 66 kV Interconnected Sub-Transmission
Network
VU propagation coefficients for the 66 kV interconnected sub transmission network6
shown in Fig. 6.5 are evaluated adopting the same approach as discussed above and
the results are given in Table 6.5. Busbar S1 is considered to be the bulk supply
point where the voltage unbalance has been measured to be negligible.

S1: bulk supply point
C

A

B

D

F

S2

S3
E

S4

H
I

G

N

S5

S6
PV generator
J

K
S7

PV generator
L

S8

Capacitor banks
Voltage regulators

M
S9

Loads

Figure 6.5: 66 kV interconnected sub transmission network
The following observations can be made in relation to the VU propagation in
interconnected networks with passive loads based on the results tabulated for the
two test systems considered.
• Consideration of a scalar quantity for VU propagation coefficient can be justified by analysing column 4 of Tables 6.4 and 6.5 as the phase angle associated
6

Details of the test system are given in Chapter 5 and Appendix I
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Table 6.5: VU propagation
transmission network
Busbar under
assessment
k
S2
S2
S2
S3
S4
S4
S4
S5
S6
S6
S6
S7
S7
S8
S8
S9

coefficients evaluated for the 66 kV interconnected subLocal busbar
i
S6
S3
S4
S2
S5
S2
S6
S4
S2
S7
S4
S8
S6
S7
S9
S8

VU Propagation coefficient pcpl
k−i
Magnitude
angle (in
pl
P Ck−i
degrees)
0.78
0.23
0.04
0.70
0.08
0.58
0.13
0.20
0.37
0.03
0.34
0.19
0.17
-0.29
0.88
-0.02
0.90
0.03
0.78
-0.08
0.11
0.03
0.82
0.6
0.28
0.20
0.46
0.28
0.59
-0.18
1.01
0.01

with pcpl
k−i is close to zero.
• IEEE 14 bus test system can be regarded as a highly meshed network compared
to the 66 kV interconnected network. Referring to the values given Tables
6.4 and 6.5, VU propagation coefficients of highly meshed networks can be
seen to be relatively small compared to those of networks with relatively less
interconnections. This situation arises due to the fact that a VU propagation
coefficient is primarily governed by the network topology where Y22:kk increases
with the number of interconnections that the busbar ‘k’ has thus resulting
lower values for the ratio

Y22:ki
.
Y22:kk

pl
• The VU propagation coefficient related to busbar ‘k’ due to busbar ‘i’ (P Ck−i
)
pl
- VU propagation coefficient at busbar ‘i’ due
and the reverse effect (ie. P Ci−k

to busbar ‘k’) are not always equal to each other since Y22:kk is not identical
for the two busbars as a result of different interconnections.
• The VU propagation coefficient can take values greater than unity for the most
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downstream busbar (S9 in the 66 kV interconnected network) since Y22:ki =
Y22:kk and |1 + Vdrop-t(k−i) | > 1.0.
The presence of power transformers in the power system has been represented in
the assessment formulation by considering three decoupled sequence impedances in
series with the line impedance. Therefore the impact made by power transformers on
VU propagation is considered in this methodology, since the elements of nodal Y bus
matrix developed for a given network include the transformer impedances/admittances.

Induction Motor Loads
In the case of induction motor loads connected at the POE, the influence made
Y22:ki (1+Vdrop-t(k−i) )
V U Fi . Thus, the scaling
by local busbars at the POE is given by
Y2:m −Y22:kk
factor associated with V U Fi quantifies the VU that propagates from busbar ‘i’ to
busbar ‘k’ as given in (6.11). Similar to the case of passive loads, extensive simulation
studies show that the VU propagation coefficients can be treated as scalar quantities
im
(P Ck−i
) by considering only the magnitude since the phase angles associated with

pcim
k−i can be approximated to zero.

im
P Ck−i

Y22:ki 1 + Vdrop-t(k−i)
= |pcim
k−i | =
Y2:m − Y22:kk


(6.11)

VU propagation coefficients for busbar 3 of the 3 bus MV test system as discussed
in Section 4.4.1 in the presence of an induction motor load at the busbar 3 can be
evaluated using the VU emission assessment outcomes (simulation results) given in
Table 4.1.

6.5

Chapter Summary

The work presented in this chapter establishes systematic methodologies for the
assessment of VU propagation covering both radial and interconnected networks.
Referring to the VU emission assessment outcomes of Chapters 3 and 4, the influence
made by upstream/surrounding busbar unbalance on the resultant VU emission
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at the POE was identified as a constituent component of the total VUF at the
POE and quantified as a fraction of upstream/surrounding busbar VUF. Thus, VU
propagation coefficients can be evaluated by considering different types of loads
connected at the POE given by generalised expressions which contain known network
and load parameters. Further, it was demonstrated that VU propagation coefficients
can be treated as scalar quantities.
The deterministic methodologies developed for radial networks provide a sound
basis for the determination of VU transfer coefficient in relation to the IEC VU
emission allocation process. The deterministic approaches used to establish the VU
propagation coefficients for interconnected networks can be used for the evaluation
of influence coefficients in HV and EHV networks.
• For radial networks, in the case of passive loads connected at the POE, VU
pl
propagation coefficient (P Cpoe−us
) is equal to unity whereas VU propagation
pl
coefficient (P Ck−i
) primarily depends on the network topology in intercon-

nected networks.
im
im
or P Ck−i
) evaluated at busbars with
• VU propagation coefficients (P Cpoe−us

induction motor loads is always less than unity since three-phase induction
motors tend to attenuate pre-existing VU levels at the connected busbar regardless of the network characteristics.
• VU propagation coefficients evaluated at busbars with mixed loads were shown
to vary depending on the load composition.
The significant contributions made in this chapter are that it gives systematic and
rigorous approaches for the determination of VU influences that take place between
different busbars in power systems allowing the examination of their sensitivities
on system parameters and various types of loads connected at the POE. Following
the guidance given in the IEC technical report, system operators are supposed to
determine these VU emission coefficients through simulations or measurements7 .
7

No comprehensive methodology is given other than the approximated value of unity and (6.2)
in the presence of induction motor loads to evaluate the transfer coefficient
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Thus, VU propagation coefficients required for the VU emission allocation process
(i.e. considering unbalanced installations which are yet to be connected to the
system) can be preciously evaluated using this formulation by undertaking proper
simulation studies of the post-connection system which establish the required postconnection data (voltage regulation of the line) for the proposed methodology.

Chapter 7
A Comprehensive Discussion on
the Determination of kuE/k0uE
Factors based on the new
Emission Assessment Techniques
7.1

Introduction

As per the IEC Technical Report IEC/TR 61000-3-13:2008 [1], the total VU emission allowance evaluated using planning levels and VU transfer factors is required to
be apportioned between individual sources of unbalance available in that particular
system. In this approach, the contribution made by the background unbalance to
the POE is taken into account in evaluating total emission allowance by means of
the transfer coefficient. Then, as discussed in Section 2.4.4, VU emission allocation
principles [1] utilise the kuE factor which allows separation of the total VU emission
allowance between the load under consideration and the supply network in evaluating individual emission limits. As per the definition given in the IEC Technical
Report [1], this factor (kuE ) accounts for the unbalance emission that arises due to
the load asymmetry whereas k0uE (1-kuE ) accounts for unbalance that arises due to
117
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the network asymmetry. The Technical Report prescribes a range of values (Table
2.1) from which a suitable value can be chosen based on the system (network) characteristics, to apportion the total emission to loads and lines. However, the IEC
approach on the use of constant factors as given (Table 2.1) to apportion the total
unbalance can lead to erroneous outcomes under certain conditions. Other than the
use of these constant factors, users are not provided with an avenue to investigate
the sensitivity of kuE to various system parameters.
Although some extended work is available in the literature1 with regard to the
kuE factor approach, no systematic methodologies exist to-date to determine the
kuE factor. The work presented in [5] (also in [56]) derives ‘kuE factor’ as shown in
(7.1) (reproduction of (2.14) in Chapter 2) as a function of CUF and the system
impedances, but that approach does not reflect the dependency of kuE on the load
type.

kuE

|CU Fi |α

α
=
|CU Fi |α + ZZ12
11

(7.1)

Further, [4] provides some extended definitions of kuE based on the IEC explanation as shown in (7.2) (reproduction of (2.10) of Chapter 2) and includes new
methodologies to evaluate global VU emission due to load and line asymmetries. In
particular, the line emission dependency on various load types is discussed in [55] in
relation to the VU emission allocation, thus, it is obvious that k0uE depends on the
type of the load. Hence, kuE factor also can be shown to depend on the type of load
as kuE is equal to 1-k0uE [1].

kuE =

Uloads
Uglobal

α
(7.2)

The work presented in this chapter reviews the IEC kuE factor approach used
for sharing the VU emission between load and line asymmetries based on the deterministic outcomes of VU emission assessment techniques presented in this thesis.
1

see Section 2.4.4

119
Thus, the major objectives of this work are:
• to evaluate kuE and k0uE factors using proposed emission assessment techniques;
• to examine the sensitivity of kuE and k0uE factors to various power system characteristics covering line asymmetry, load type and the level of load unbalance.
This chapter is organised as follows: Section 7.2 gives comprehensive investigations on kuE factor including the evaluation of kuE and examination of its sensitivity
while highlighting shortcomings of existing approaches. Derivation of k0uE using
emission assessment outcomes of Chapter 3 and a detailed discussion is presented
in Section 7.3.

7.2

A Comprehensive Discussion on kuE Factor

7.2.1 Derivation of kuE Factor based on the VU Emission Assessment
Outcomes of Chapter 3
The work presented in this chapter utilises the VU emission assessment outcomes of
radial networks (work presented in Chapter 3) for investigations on kuE factor which
is derived as a vector quantity. VU emission assessment methodology separates total
VU emission at a POE (V U FPOE ) in to its constituent components as identified by
load
the contributions made by load under consideration (V U FPOE
), line asymmetry
line
source
) and the upstream unbalanced voltage source (V U FPOE
) (3.13). If the
(V U FPOE

upstream voltage source is balanced (i.e. V U Fsource = 0), then the contribution
source
made by the upstream source to the POE (V U FPOE
) is equal to zero. Thus, the

total VU emission at the POE (V U FPOE ) is now equal to the influences made by
load asymmetry and line asymmetry as shown in (7.3).

load
line
V U FPOE = V U FPOE
+ V U FPOE

(7.3)

Then, based on the IEC explanation, a fraction of the total VU emission that
accounts for load unbalance, i.e. the factor ‘kuE ’ can be defined as a vector quantity
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given by:
kuE =

load
V U FPOE
V U FPOE

(7.4)

It was demonstrated in Chapter 3 that the decomposed emission contributions
load
line
(i.e. V U FPOE
and V U FPOE
) are dependent on the type of load that is connected at

the POE. Thus, a limited set of values as prescribed in the IEC Technical Report
(Table 2.1) cannot be assumed to be precisely valid. While deducing generalised
expressions of kuE considering different types of loads connected at the POE, the
following subsections discuss the shortcomings of existing approaches in addition to
the examination of the sensitivity of kuE to various system parameters.

7.2.2 kuE Factor Approach: Passive Loads
When a passive load is connected at the downstream busbar (POE) of a radial

21,t
equal to − ZZ11,t

Vreg-line

V

reg-line
line
(3.15) and V U FPOE
is
(1+Vreg-line )
(3.16). In practice, electricity utilities attempt to control

load
network, V U FPOE
is given by (V U FP OE − CU F )

(1+Vreg-line )
the VU emission level (in terms of magnitude of VUF) in MV and LV networks under
2% compatibility level [1] while the CUF, which is a measure of the unbalance level
of the load, can be around 10% or even greater. This can be used to modify the
load contribution given in (3.15) as shown in (7.5) since the term (V U FPOE − CU F )
can be approximated to −CU F noting that the magnitude of CU F is much larger
than that of V U F .
load
V U FPOE
= (−CU F )

Vreg-line
(1 + Vreg-line )

(7.5)

load
line
Therefore, substitution of (7.5) and V U FPOE (sum of V U FPOE
and V U FPOE
-

in the case of balanced upstream source) simplifies the expression given for kuE in
(7.4) as follows:
kuE =

CU F
CU F +

Z21,t
Z11,t

(7.6)

This simplification reveals that the ‘kuE ’ or the fraction of total unbalance allocated
to load asymmetry, depends not only on the line (network) characteristics, but also
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on the CU F or the level of load unbalance. As expected, kuE =1 for a perfectly
symmetrical line where Z21,t =0. Conversely, if the load unbalance is negligible (i.e.
CU F = 0), as expected kuE =0.
The following case study results are aimed at demonstrating the variability of
the ‘kuE factor’ with different unbalance levels (measured in terms of CUF) for a
constant power load.
A 12.47 kV radial power system was simulated using the unbalanced load flow
program written in MATLAB considering a balanced source, an asymmetrical transmission line and three 10 MVA single phase loads having different power factors
(0.85, 0.55 and 0.9 in phases A, B and C respectively) making the load unbalanced.
Different unbalance levels of the load were obtained by changing phase B power
factor at each simulation case. Test system details are given in Appendix D.
Case I: As shown in Table 7.1, the total VU emission at the POE (V U FPOE ) was
evaluated by running the unbalanced load flow program while observing the conline
load
) using the deterministic approach
and V U FPOE
stituent parts of V U FPOE (V U FPOE

described in Chapter 3 for different unbalance levels of the load. Power factor of
phase B load was changed from 0.55 to 0.70, 0.8 and 0.85 to obtain different current
unbalance factors. kuE factors were calculated for different load unbalance levels
(Cases a, b, c and d) as vector quantities referring to (7.4) and are given in the 6th
column of Table 7.1. Respective polar plots representing the phasors of V U FPOE
load
(total VU emission at the POE), V U FPOE
(VU emission at the POE caused by the
line
load asymmetry) and V U FPOE
(VU emission at the POE caused by line asymmetry)

are shown in Fig. 7.1.
Case II: The load configuration of Case I was altered by swapping phase B
and phase C loads. The corresponding emission assessment outcomes together with
evaluated kuE values for Case II are given in Table 7.2. Further, the associated VU
emission phasors are illustrated in Fig. 7.2 as polar plots. Comparing Cases I and
II, significant differences can be seen in relation to total VUF (V U FPOE ) where it
shows smaller values in the latter case.
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line
In both Cases I and II, the VU emission caused by line asymmetry (V U FPOE
)
line
seems to be constant in magnitude as well as in its phase angle since V U FPOE

is governed by the ratio

Z21,t
Z11,t

which is an inherent property of a particular line.

load
But, the emission contribution made by the load asymmetry (V U FPOE
) at the POE

varies with the level of load unbalance2 as expected and for Case II, their phasor
orientations are totally different to those of Case I (i.e. the phase angles associated
load
with V U FPOE
have changed). As shown in the polar plots, distinct differences in the
load
line
phase angle separations between the two vectors V U FPOE
and V U FPOE
in Cases I

and II result in different voltage unbalance emission levels (V U FPOE ) at the POE,
load
line
as the total emission is governed by the vector summation of V U FPOE
and V U FPOE
.
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Figure 7.1: Separation of VU emission levels at the POE for different current unbalance levels: Constant power load: Case I. (a) |CU F | = 3.3%, (b) |CU F | = 5.2%,
(c) |CU F | = 8.5%, (d) |CU F | = 13.0%
2

Which is governed by CU F (2nd column of both Tables 7.1 and 7.2)
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Table 7.1: kuE factors evaluated for the radial network
load - Case I
line
load
# |CU F | V U FPOE
V U FPOE
V U FPOE
%
%
%
%
a 3.3
1.17∠-170 0.79∠177 0.44∠-147
b 5.2
1.24∠-158 0.79∠175 0.63∠-126
c 8.5
1.46∠-148 0.79∠173 0.98∠-118
d 13.0
1.84∠-141 0.78∠169 1.44∠-118

supplying a constant power
k0uE

kuE
0.38∠23
0.51∠31
0.66∠29
0.77∠22

0.68∠-12
0.64∠-26
0.54∠-39
0.42∠-49
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Figure 7.2: Separation of VU emission levels at the POE for different current unbalance levels: Constant power load: Case II. (a) |CU F | = 2.5%, (b) |CU F | = 4.0%,
(c) |CU F | = 6.5%, (d) |CU F | = 10.7%
load
For Case I load configuration, the phase angle between the two vectors (V U FPOE
line
and V U FPOE
) is less than 90 degrees and their summation leads to an increase in the

net unbalance emission at the POE as shown in Fig. 7.1. However, for Case II, where
the phase angle separations are large (greater than 90 degrees), the cancellation of
load
line
unbalance emissions made by V U FPOE
and V U FPOE
helps reduce the net emission

at the POE as shown in Fig. 7.2. Therefore, although the magnitudes of emission
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Table 7.2: kuE factors evaluated for radial network supplying a constant power load
- Case II
line
load
# |CU F | V U FPOE
V U FPOE
V U FPOE
kuE
k0uE
%
%
%
%
a 2.5
0.95∠163 0.79∠177 0.25∠118 0.26∠-44
0.83∠14
b 4.0
0.81∠147 0.79∠175 0.38∠72
0.46∠-75
0.97∠28
c 6.5
0.65∠123 0.79∠178 0.66∠42
0.95∠-80
1.14∠50
d 10.7
0.64∠75
0.78∠168 1.05∠27
1.51∠-52
1.12∠89
contributions made by load asymmetry are approximately equal to each other in
Case I and Case II (column 2 of Tables 7.1 and 7.2), the distinctly different phasor
load
line
orientations of V U FPOE
and V U FPOE
(for a fixed line emission vector) lead to two

different net unbalance emission levels (V U FPOE ) and hence different kuE factors
(compare the entries of column 6 of Tables 7.1 and 7.2).

7.2.3

kuE Factor Approach: Induction Motor Loads

Naturally, induction motors do not possess any inherent unbalance other than the
fact that their operation is affected by the external supply source voltage unbalance. As discussed in Section 3.2.3, when an induction motor load is connected
at the downstream busbar of a radial network, the effective unbalance emission
at the POE (at post-connection stage) can be decomposed in to line contribution
source
line
). Upstream
(V U FPOE
) and upstream unbalanced source contribution (V U FPOE

source unbalance that propagates to the POE is given by source VUF (V U Fsource )
multiplied by a scaling factor of which the magnitude is always less than unity. This
was illustrated in (3.21) which demonstrates that induction motors help improve
any pre-connection voltage unbalance that exists at the POE. In V U FPOE , no term
load
exists corresponding to V U FPOE
as a consequence of the symmetrical nature of the

three-phase induction motor. Thus, (7.4) or the existing ‘kuE factor’ approach does
not lead to a meaningful unbalance emission allocation for induction motor loads
although the IEC methodology does not make any dispensation of customer allocation in relation to induction motor loads. In contrary to the kuE factor approach,
a new concept can be developed to quantify the VU emission attenuation provided
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by an induction motor which helps improve the total emission allocation capacity
of the particular power system. Such a quantity can be used in the emission allocation methodology to enhance the limit of unbalance absorption capacity prior to
apportioning VU emission between load and network asymmetries. Further, such a
scheme will be useful for the development of power quality market aspects to reward
induction motor loads for helping to correct pre-existing unbalance levels.

7.2.4 kuE Factor Approach: Mixed Loads
In the case of mixed loads connected at the POE, the respective kuE factor, or the
fraction of VU emission allocated to the unbalanced load, can be determined using
the same approach discussed for passive loads. Referring to Section 3.2.4, the VU
emission contribution made by a mixed load on the total VU emission at the
POE

!
Z22,t
is given by V U FPload = (V U FP OE − CU FPload )

Z1,m Z2,m Vreg-line − Z

1,m

Z1,m Z2,m (1+Vreg-line )+Z22,t (Z1,m −Z2,m )

(3.30) and the VU emission contribution made by the asymmetrical line is given


Z1,m Z2,m Vreg-line
Z21,t
by V U Fline = − Z11,t Z Z 1+V
(3.31). Therefore, if the
1,m 2,m (
reg-line )+Z22,t (Z1,m −Z2,m )
upstream voltage source is balanced (ie. V U Fsource = 0), the kuE factor can be
evaluated using (7.7)3 .


kuE =

Z22,t
Z1,m

CU FPload Vreg-line −


22,t
CU FPload Vreg-line − ZZ1,m
+



Z21,t
V
Z11,t reg-line

(7.7)

The expression in (7.7) can be further simplified to the form given in (7.8) by


22,t
22,t
to Vreg-line since the ratio ZZ1,m
is relatively
approximating the term Vreg-line − ZZ1,m
small in practice. Thus, the kuE factor for mixed loads is seen to be equal to the that
of passive loads as given in (7.6). This outcome can be attributed to the behaviour
of induction motors as they do not contribute to the total emission4 and hence only
the passive load contribution should be taken in to account in evaluating kuE factor
in the case of a mixed load.
3

Similar to the case of a passive load discussed above, (V U FP OE − CU F ) is approximated to
−CU F considering practical aspects
4
The influence made by induction motors is to help reduce the upstream/background source
unbalance as discussed in Chapter 6.4.
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kuE =

CU FPload
CU FPload +

(7.8)

Z21,t
Z11,t

Thus, as in the case of passive loads, the kuE factor for mixed loads is sensitive to
the level of current unbalance of the passive load, network asymmetry as well as the
phasor orientation of emission vectors corresponding to the passive load asymmetry
and line asymmetry contributions.

7.2.5 Discussion
A comparison of kuE factors that were obtained for the radial network5 using existing approaches discussed in Section 7.1 together with the proposed methodology
is presented in this section. Accordingly, kuE factors resulting from different load
unbalance levels are evaluated for the radial power system considered in Section
7.2.2 supplying a passive load (Cases I and II). Fig. 7.3 shows the magnitudes of
kuE values calculated for different current unbalance levels corresponding to Case I
and Case II load configurations employing three methods:
• Method (a) - methodology discussed in this chapter (Tables 7.1 and 7.2)

|kuE | = |

CU F
CU F +

Z21,t
Z11,t

|

• Method (b) - methodology given in [4] - (7.2)

kuE =

Uloads
Uglobal

α

• Method (c) - methodology presented in [56] - (7.1)

kuE =

5

Discussed in Section 7.2.2

|Ci |α

α
|Ci |α + ZZ12
11

KuE factor
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Figure 7.3: Comparison of kuE factors evaluated for a radial network supplying a
constant power load
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It is to be noted that the methodology discussed in this chapter (method (a))
derives kuE as a vector quantity, whereas the other two methodologies (methods (b)
and (c)) give only absolute values.
Method (b) [4], which is derived based on the IEC definition, takes the impact
of the phasor aspect of unbalance into account using the summation law. In Case I,
results obtained from methods (a) and (b) have some agreement and discrepancies
arise in Case II for some current unbalance levels. Method (b) can be identified as an
extended definition based on IEC explanation rather than a systematic methodology
to evaluate kuE factor as the determination of emission allocation for an unbalanced
load
load (i.e. V U FPOE
) should be the final expected outcome of the kuE factor approach.

kuE values that are obtained using method (c) are seen to be almost constant
for a specific case irrespective of the load unbalance level (i.e. current unbalance
factor). In addition, they do not show any significant variation even between Cases
I and II due to the fact that

Z12
Z11

is constant for a given network and the CU F has

a limited variation as utilities attempt to control load unbalance in the range 10% 15%. Further, same CUF (magnitude) can be caused by different unbalanced load
configurations (as demonstrated with Cases I and II), thus, the evaluation of kuE
using method (c) does not distinguish such situations.
Analysis of above comparison in relation to kuE demonstrates that the kuE factor
approach can be further refined through a statistical methodology which incorporates mechanisms to account for random variations of VU emission vectors (e.g. a
revised summation law for VU emission).

7.3

A Comprehensive Discussion on k0uE Factor

7.3.1 Derivation of k0uE
As discussed in Section 7.1, k0uE represents the fraction of VU emission that accounts
for inherent network asymmetries. Thus, considering the VU emission assessment
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outcomes of radial networks, k0uE can be defined as a phasor quantity given in (7.9).
k0uE =

line
V U FPOE
V U FPOE

(7.9)

Similar to the kuE factor approach discussed in Section 7.2, k0uE can be determined
for different types of loads as follows:
• For passive loads and mixed loads6 connected at the POE (in a radial network);

k0uE

=

Z21,t
Z11,t

CU F +

Z21,t
Z11,t

(7.10)

• For three-phase induction motor loads connected at the POE (in a radial
network), k0uE takes the value of unity under the balanced upstream source
condition. That is, total unbalance is equal to the contribution made by
network asymmetry as there is no propagated VU from the upstream. But, this
situation changes when the upstream unbalance is taken into account as the
total VU emission at the POE comprises the propagated portion of upstream
unbalance in addition to the contribution made by network asymmetry.
The above findings reveal that the factor k0uE is also dependent on various system
parameters and the following subsections present its sensitivity to the type of load
connected at the POE, phasor orientation of load and line emission vectors, and the
level of load unbalance.

7.3.2 k0uE Factor: Passive Loads/ Mixed Loads
For the radial network supplying a constant power load considered in Section 7.2.2,
respective k0uE factor values are also evaluated using (7.9) and given in the 7th column
line
of Tables 7.1 and 7.2. Although V U FPOE
is almost constant (referring to 4th columns

of Tables 7.1 and 7.2), for different load unbalance levels (in terms of CU F ) for a
particular load configuration (i.e. either Case I or Case II), the factor k0uE (calculated
6

Considering the approximations used in deriving kuE
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using (7.9)) can vary since V U FPOE is not constant for different load unbalance levels. In Case I, large load unbalance levels (i.e. high CUF) increase the total emission
at the POE (V U FP OE ) and accordingly, this results in a reduction of the k0uE factor
as expected. But in Case II, when the load unbalance increases, V U FP OE decreases
load
line
due to the altered phasor orientation between V U FPOE
and V U FPOE
leading to

higher k0uE factors. Therefore, k0uE demonstrates some discrepancy when the phasor
line
orientation between V U Fload and V U FPOE
is varied (as in Case II) similar to ‘kuE ’

since the phasor orientation determines the net emission level at the POE.
These observations lead to demonstrate that k0uE is dependent on the level of
passive load unbalance as well as phasor orientation of load and line emission vectors.

7.3.3 Dependency of k0uE on Load Types and the level of upstream
unbalance
line
Referring to (3.16) and (3.22), it can be shown that the V U FPOE
depends on the

voltage regulation of the line which arises due to load current in the case of a passive
load or a mixed load and depends on the sequence impedances (Zm1 and Zm2 ) in
the case of an induction motor load in addition to the negative-positive sequence
coupling impedance (Z21,t ) of the line. That is, the factor k0uE has a dependency on
the type of the load connected at the POE. This variation is illustrated in Table
line
7.3. Line emissions (V U FPOE
) caused by a 2.3 kV, 2250 hp induction motor load

and a 1.67 MVA constant power load (equal to the power rating of the induction
motor) which are connected to the same radial system as discussed in Section 7.6
are tabulated with k0uE factors for different source unbalance levels. A three-phase
two-winding Yg-Yg connected transformer model was used as the motor service
transformer with a voltage ratio of 12.47/2.3 kV and a leakage reactance: 5%.
line
Although the line emission levels (V U FPOE
) are approximately equal for both

load types for a given upstream unbalance level, k0uE values demonstrate considerable
variations that arise due to distinctly different V U FPOE values corresponding to
the two load types. For both load types, in the presence of significant upstream
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Table 7.3: k0uE calculation for induction motor and constant power load
pacity)
line
0
# V U Fsource V U FPOE %
V U FPOE
kuE
%
IM load
Constant IM load
Constant IM load
power
power
load
load
a 0.0∠0
0.17∠−168 0.17∠21 0.17∠−168 0.19∠171 1.0∠0
b 0.58∠29 0.32∠45
0.75∠28 0.16∠−168 0.19∠171 0.46∠146
c 1.16∠29 0.87∠38
1.33∠29 0.16∠−168 0.19∠171 0.19∠146
d 2.33∠29 1.92∠35
2.50∠29 0.16∠−168 0.19∠171 0.09∠156

(same ca-

Constant
power
load
1.13∠143
0.25∠142
0.14∠142
0.07∠142

unbalance levels (V U Fsource ), the net VU emission level at the POE is dominated
by the propagated VU emission from the upstream (i.e. the contribution made by
source
V U FPOE
), thus resulting a negligible allocation for network asymmetry (k0uE ≈ 0).

7.4

Chapter Summary

This chapter demonstrated that the separation of total VU emission at the POE in
to its constituent parts using pre-connection and post-connection voltage/current
measurements allows the evaluation of ‘kuE ’ and ‘k0uE ’ independently. This process
has revealed that these factors are highly dependent on the load type. Further, the
basic relationship used in IEC approach (kuE +k0uE = 1) seems to be valid only when
these factors are considered as vector quantities.
• In the case of passive loads, ‘kuE ’ factor has been further shown to be dependent
on the level of load unbalance (expressed using CUF) even for a load with a
fixed capacity. Further, kuE and k0uE are highly dependent on the phasor
load
line
orientation of the two vectors V U FPOE
and V U FPOE
which determines the

net unbalance emission at the POE.
• When only three-phase induction motor loads are connected at the POE, a
respective kuE cannot be defined since the motor load does not require any
VU allocation. With regard to a motor load, the net emission is attenuated
by the connection of induction motors. This situation should result in k0uE =
1.

132
• In the case of mixed loads, the behaviour of kuE is very much similar to that
of passive loads due to the symmetrical nature of induction motors. Hence,
kuE and k0uE for mixed loads are sensitive to the level of passive load unbalance
Pload
line
and phasor orientation of V U FPOE
and V U FPOE
.

Based on the detailed analysis, kuE and k0uE factors were shown to have a high
load
dependency on the phasor orientation of individual emission vectors V U FPOE
and
line
V U FPOE
which determines the net unbalance emission at the POE. Continuous

diverse behaviour of the power system (e.g. load changes, generator availabilities
and line switching etc.) results in randomly varying emission vectors in time causing
a random variation in these factors. Therefore, the kuE factor approach has to be
further refined using a statistical platform utilising a proper mechanism to aggregate
various unbalance emission levels which vary in magnitude and phase over time.

Chapter 8
A Refined General Summation
Law for VU Emission Assessment
in Radial networks
8.1

Introduction

Based on the fundamental definitions associated with voltage unbalance1 , the VU
factor represents a complex number which carries phase angle information, although
the common practice is to use the absolute value only. The variable behaviour of
the power system makes the VU levels to randomly vary in time and space. Accordingly, the impact made by fluctuations of VU can precisely be assessed only using
vector/phasor oriented deterministic approaches or stochastic methods. Specifically,
individual emission contributions made by different sources of unbalance are not in
phase at all times hence consideration of their vector summation is more meaningful
in evaluating the resultant/total VU emission at a POE. Therefore, a complex unbalance factor based analysis will depict the true picture of VU behaviour in networks
in relation to VU emission assessment, which is the main thrust of this thesis.
The main objective of the VU emission allocation process is to limit the total
VU emission level caused by all sources of unbalance at or below the planning levels
1

See Section 2.2
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(refer to Section 2.4.5). Although the resultant VU emission at a given instant
can be defined as the vector summation of unbalanced voltage components caused
by individual sources at the POE [1], reference values which govern the limits of
VU (planning levels, compatibility levels and individual emission levels) can not be
expressed in terms of a phasor representation as phase angle can vary randomly.
Instead, statistical values are used in practice [1], adopting a summation law in
aggregating various disturbance emission levels to take into account the effect of the
vectorial behaviour of VU.
Development of proper mechanisms to assess the post-connection VU emission
levels in terms of statistical approaches can be used to enhance the IEC work on
VU management as such methodologies will be in alignment with the VU emission
allocation processes which also follow statistical principles. Thus, development of
statistical approaches based on the application of a general summation law to evaluate post-connection VU emission and its constituent components is the topic of
interest in this chapter. Further, already established deterministic methodologies
on VU emission assessment (complex VUF based formulation presented in this thesis) can be used to validate such statistical approaches.The work presented in this
chapter covers:
• an analysis of VU emission assessment outcomes adopting a statistical approach (application of the general summation law in relation to the determination of individual emission contributions) and hence a critical discussion on
the validity of the existing general summation law for VU as prescribed in IEC
Technical Report [1];
• establishment of a revised general summation law to assess the overall impact
of scattered disturbances in radial networks.
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8.2

Stochastic Approach of VU Emission Allocation and Assessment used in [1]

As per the IEC Technical Report [1], the resultant unbalance emission caused by
numerous sources is evaluated using the application of a general summation law
as shown in (8.1) (reproduction of (2.5)). This approach is valid for aggregating
varying unbalance levels which arise from different sources (i.e. large number of
unbalanced installations) when the unbalance levels change randomly in time.

u=

qX
α

(ui )α

(8.1)

where;
u - magnitude of the resulting VUF for the considered aggregation of unbalance
sources (probabilistic value);
ui - magnitude of an individual VU emission level to be combined (95% or 99%
probabilistic value); and
α - summation law exponent;˙
The exponent α mainly depends upon three factors:
• the chosen value of probability for the actual voltage unbalance level not to
exceed the calculated value;
• the degree to which the combined individual unbalanced voltages vary randomly in magnitude and phase; and
• the number of random variations considered (either the number of summated
sources or the variation in time).
The IEC/TR 61000-3-13:2008 gives an indicative value of α = 1.4 in the absence
of specific information considering a 95% non-exceeding probability level for VU
emission coordination and based on the fact that the operation of most unbalanced
installations are unlikely to produce simultaneous or in-phase emissions in practice.
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This indicative value is not based on measurement results, but has been proposed
based on a uniform distribution of random vectors with a random phase variation
of 360 degrees, and a magnitude range of 0.1 to 1 p.u. [1].
Use of the general summation law in the VU emission allocation process was
discussed in detail in Section 2.4.5. In summary, the global emission allowance for a
particular system (GuMV+LV ) is evaluated by incorporating planning levels (LuMV )
and VU transfer factors (TuU M ) as shown in (8.2) (reproduction of (2.16)). Total
VU emission allowance is then apportioned using the kuE factor to account for network asymmetries to satisfy the relationship of (total VU emission allowance)α =
(VU allocation to unbalanced loads)α + (VU allocation to network asymmetries)α .

The individual emission allowance given to an unbalanced installation (Eui ) is
proportional to the ratio of agreed power of the installation to the total power
supplied by the system and is evaluated as given in (8.3) (reproduction of (2.17)).

GuMV+LV

q
= α LαuMV − (TuUM LuUS )α

Eui =

p
α

r
kuE GuMV+LV

α

(8.2)

Si
St

(8.3)

Post-connection VU emission assessment guidelines given in [5] follow a similar
statistical approach (use of summation law with pre- and post-connection VU measurements in the absence of phasor angle information) to determine the VU emission
that arises at the POE due to the connection of load (U2,i ) as shown in (8.4) (reproduction of (2.23)). However, further stochastic analysis, i.e. a systematic approach
for apportioning the total VU emission between load and line asymmetries or the
identification of constituent components of total VU emission at the post-connection
stage, is not available for managing VU as discussed in Chapter 3.

1

|U2,i | = (|U2,post−connection |α − |U2,pre−connection |α ) α

(8.4)
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Thus, the emphasis is given in this chapter to develop a statistical approach
to evaluate constituent components of post-connection VU emission using a general summation law.

As a first attempt, the complex VUF based formulation

line
source
(V U FP OE = V U FPload
OE + V U FP OE + V U FP OE - (3.13)) which represents the clas-

sification of constituent components of post-connection VU emission at the POE,
is modified in order to incorporate the use of the general summation law as shown
in (8.5). This enables the comparison of VU emission outcomes obtained using
deterministic methodologies against statistical approaches.

source α
α
line α
V U FP OE,stat = |V U FPload
OE | + |V U FP OE | + |V U FP OE |

 α1

(8.5)

where V U FP OE,stat is the statistical value of the resultant VU emission at the POE.

8.3

Development of Statistical Approaches for VU Emission
Assessment

The application of a general summation law is justified in [1] under conditions where
the VU randomly changes over time or where a large number of unbalanced installations are considered. Thus, the statistical analysis on VU emission assessment
presented in this chapter is based on the consideration of randomly varying unbalance in time which is generated subjected to random load changes.
The following subsections compare VU emission assessment outcomes obtained
using the deterministic methodology and the statistical approach given in (8.5) for
different radial network configurations. The deterministic methodologies on VU
emission assessment given in Chapter 3 utilise the snap-shot based voltage/current
phasor measurements. A series of such measurements which accommodate random
variations of unbalance caused by random load changes are used to evaluate individual emission contributions and the resultant VU factor at the POE. Such data is
generated by running the unbalanced load flow program in MATLAB for consecutive
load changes which follow normal and uniform distribution.
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8.3.1 Statistical assessment of VU emission in radial networks
A simple radial system comprising a balanced upstream voltage source, untransposed
transmission line and an unbalanced load (constant power type) is considered for the
investigations on statistical methodology of VU emission assessment. The following
aspects are to be noted in relation to the analysis procedure.
• Upstream voltage source in the radial network is considered to be balanced.
1
load α
line α α
Thus, V U FPsource
OE = 0, resulting V U FP OE,stat = |V U FP OE | + |V U FP OE |
• Resultant VUF at the POE (V U FP OE ) and its constituent components (V U FPload
OE
and V U FPline
OE ) were evaluated for each snap shot measurement using the deterministic formulation presented in Section 3.2.1 (application of (3.13), (3.15)
and (3.16)).
line
• Magnitudes of all VU factor components (V U FP OE , V U FPload
OE and V U FP OE )

are fitted to relevant probabilistic curves based on the load distribution (either
normal distribution or uniform distribution)
line
• 95% probability levels of V U FPload
OE and V U FP OE which were obtained using

cumulative probability distribution functions are used to evaluate the resultant
VUF at the POE (application of (8.5)) and compare with the 95% probability
level of V U FP OE which gives the probabilistic value of the outcomes from the
deterministic approach.
The following case studies illustrate the above statistical analysis procedure in
relation to the VU emission assessment by configuring different radial network arrangements which contain a balanced upstream source, an unbalanced load and an
asymmetrical line. Different unbalanced load configurations and untransposed lines
which are used in case studies are listed below.
• Unbalanced loads:
– Load 1: 10 MVA - 100 MVA constant power load; Magnitude of the
unbalanced load varies following a normal distribution as shown in Table
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8.1 while power factors of three phases are fixed - 0.95,0.85 and 0.9 in
phases a,b and c respectively.
Table 8.1: Load 1: Normally distributed 10-100 MVA, constant power load
Magnitude
Phase (a) Phase (b) Phase (c)
mean (S) pu
0.7
0.85
0.8
standard deviation (σ) pu
0.1
0.1
0.1

– Load 2: 10 MVA - 100 MVA constant power load; Magnitude of the
unbalanced load is fixed while power factors of three phases vary following
a normal distribution as given in Table 8.2
Table 8.2: Load 2: Normally distributed 10-100 MVA, constant power load
Power factor
Phase (a) Phase (b) Phase (c)
mean (S)
0.95
0.9
0.85
standard deviation (σ)
0.01
0.05
0.05

– Load 3: 10 MVA - 100 MVA constant power load; Magnitude of the
unbalanced load varies following a uniform distribution as given in Table
8.3 while power factors of three phases are fixed at 0.9 on phases a,b and
c.
Table 8.3: Load 3: Uniformly distributed 10-100 MVA, constant power load
Magnitude
Phase (a) Phase (b) Phase (c)
minimum pu
0.8
0.7
0.7
maximum pu
0.85
0.85
0.85

• Untransposed lines:
– Line I - 12.47 kV untransposed line discussed in Section 3.3 (details are
given in Appendix D). Calculated line impedance matrix ([Zabc ] ohm/km)




 0.2494 + j0.8748 0.0592 + j0.4985 0.0592 + j0.4462

 0.0592 + j0.4985 0.2494 + j0.8748 0.0592 + j0.4985


0.0592 + j0.4462 0.0592 + j0.4985 0.2494 + j0.8748
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– Line II - 66 kV untransposed line: Line A of the 66 kV interconnected network (Fig. 5.1) discussed in Section 5.2. Details are given in Appendix I.
Calculated line impedance matrix ([Zabc ] ohm/km)




 0.0036 + j0.0168 0.0011 + j0.0089 0.0011 + j0.0088

 0.0011 + j0.0089 0.0036 + j0.0168 0.0011 + j0.0092


0.0011 + j0.0088 0.0011 + j0.0092 0.0036 + j0.0168







Normally Distributed Loads Connected at the POE
Case I: 12.47 kV radial network with Line 1 (12.47 kV line) and Load I
A 12.47 kV radial power system comprising a 3 km long line and a 10 MVA
load (Load 1 configuration) is simulated using an unbalanced load flow program
in MATLAB and a series of VU emission assessment data were generated (1000
samples) to represent randomly varying unbalance levels. The total VUF at the
POE (V U FP OE ) and individual contributions made by load and line asymmetries2
line
(V U FPload
OE and V U FP OE ) were evaluated using the proposed emission assessment

formulation (3.13).
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Figure 8.1: Phasor representation of VU emission phasors: Case I
A phasor representation of all emission outcomes is shown in Fig. 8.1 as polar
plots. It can be seen that the resultant VU emission vectors (V U FP OE ) are scattered
on the entire 360 degree polar plane following the same behaviour exhibited by VU
2

V U FPsource
OE = 0 as the upstream source is balanced
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line
emission vectors that arise due to load asymmetries V U FPload
OE although the V U FP OE

phasors are restricted to a less scattered cluster.
As shown in Fig. 8.2, the frequency distribution of the magnitudes of different
VU emission components can be approximated to normal distribution and hence
the 95% probability level of different emission components can be evaluated using
cumulative probability density functions (Fig. 8.3) as follows.
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Figure 8.2: Frequency distribution of VU emission phasors: Case I
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Figure 8.3: Cumulative probability distribution functions of VU emission phasors:
Case I
• 95% value of |V U FP OE | = 1.31
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• 95% value of |V U FPload
OE | = 1.64
• 95% value of |V U FPline
OE | = 0.64
α
line α
• 95% value of V U FP OE,stat = |V U FPload
OE | + |V U FP OE |

 α1

= 1.94

According to the above values, it can be seen that the summation of individual
emission contributions using the application of general summation law to obtain the
resultant VUF (V U FP OE,stat ) has some discrepancy over the 95% probability value
of V U FP OE obtained from the deterministic approach. Further analysis is carried
out for the same radial network by varying the length of the asymmetrical line.
Table 8.4 summarises the statistical outcomes of this VU emission assessment.
• Column 1 - 95% value of |V U FPload
OE |
• Column 2 - 95% value of |V U FPline
OE |
• Column 3 - 95% value of |V U FP OE |
• Column 4 - 95% value of V U FP OE,stat
It can be seen that the contributions made by both load and line asymmetries tend
to increase with the line length resulting in higher VUF at the POE as expected. It
is seen that there are significant discrepancies between V U FP OE obtained using the
two approaches.
Table 8.4: Probabilistic outcomes of VU
line length |V U FPload
|V U FPline
OE |
OE |
km
95% value 95% value
1
0.41
0.20
2
0.94
0.42
3
1.64
0.64
4
2.55
0.88
5
3.82
1.13

emission assessment: Case I
|V U FP OE | V U FP OE,stat
95% value 95% value
0.34
0.52
0.74
1.15
1.31
1.94
2.04
2.95
3.14
4.34

Case II: 66 kV radial network containing line 2 (66 kV line) and Load 1
A similar analysis was carried out for a radial system comprising a 66 kV line
and a normally distributed 100 MVA unbalanced load (Load 1 configuration) for
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different line lengths. The resultant VU emission outcomes are illustrated as polar
plots in Fig 8.4 which show the phasor distribution. The probabilistic representation in terms of frequency distribution and cumulative probability density curves of
VUF components in relation to the 15 km long line are given in Figs. 8.5 and 8.6
line
respectively. Statistical outcomes (95% probability values of V U FPload
OE , V U FP OE ,

V U FP OE and V U FP OE,stat ) are summarised in Table 8.5.
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Figure 8.4: Phasor representation of VU emission phasors: Case II
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Figure 8.5: Frequency distribution of VU emission phasors: Case II

Table 8.5: Probabilistic outcomes of VU
line length |V U FPload
|V U FPline
OE |
OE |
km
95% value 95% value
5
0.67
0.10
10
1.60
0.20
15
3.02
0.31
20
6.67
0.45

emission assessment: Case II
|V U FP OE | V U FP OE,stat
95% value 95% value
0.66
0.69
1.57
1.66
2.95
3.1
6.56
6.78

In contrast to the 12.47 kV radial network, the resultant VU factors evaluated
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Figure 8.6: Cumulative probability distribution functions of VU emission phasors:
Case II
using deterministic approach (|V U FP OE |) and the results from the application of
1
α
line α α
) are in
the general summation law (V U FP OE,stat = |V U FPload
OE | + |V U FP OE |
close agreement (maximum discrepancy is around 5.5%) for all cases thus supporing
the present summation law in relation to the VU emission.
Case III: 12.47 kV radial network containing Line 1 and Load 2
A 12.47 kV radial network containing the unbalanced load given by Load 2
configuration is investigated to obtain the statistical outcomes of VU emission at
the POE. Relevant 95% probabilistic emission levels are summarised in Table 8.6
for different line lengths. For the 3 km line, the polar plots in Fig. 8.7 show the
distribution of VU emission phasors.
Similar to Case I, an application of the general summation law is not conservative
since there is a significant difference (50% - 60% discrepancy) in between the total
VUF values obtained from the two approaches (|V U FP OE | and V U FP OE,stat ).
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Table 8.6: Probabilistic outcomes of VU
line length |V U FPload
|V U FPline
OE |
OE |
km
95% value 95% value
1
0.35
0.24
2
0.68
0.47
3
0.98
0.71
4
1.27
0.94
5
1.56
1.18
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emission assessment: Case III
|V U FP OE | V U FP OE,stat
95% value 95% value
0.29
0.48
0.58
0.95
0.9
1.40
1.18
1.82
1.52
2.25





 



 

Figure 8.7: Phasor representation of VU emission phasors: Case III

Uniformly Distributed Loads Connected at the POE
Similar to the analysis related to the normally distributed loads connected at the
POE, both 12.47 kV and 66 kV radial feeders, containing uniformly distributed
constant power type loads connected at the POE, are investigated in following case
studies. The corresponding statistical outcomes of VU emission levels are summarised in Tables 8.7 and 8.8. Polar plots which show the distribution of emission
phasors for a selected line length are given in Figs. 8.8 and 8.9 for Case IV and Case
V respectively.
Case IV: 12.47 kV radial network containing Line 1 and Load 3
Table 8.7: Probabilistic outcomes of VU
line length |V U FPload
|V U FPline
OE |
OE |
km
95% value 95% value
1
0.14
0.18
2
0.34
0.38
3
0.56
0.58
4
0.88
0.78
5
1.32
1.01

emission assessment: Case IV
|V U FP OE | V U FP OE,stat
95% value 95% value
0.29
0.27
0.65
0.59
1.02
0.93
1.57
1.37
2.20
1.97

Case V: 66 kV radial network containing Line 2 and Load 3
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Figure 8.8: Phasor representation of all VU emission vectors: Case IV (3 km line)
Table 8.8: Probabilistic outcomes of VU
line length |V U FPload
|V U FPline
OE |
OE |
km
95% value 95% value
5
0.21
0.10
10
0.49
0.18
15
0.9
0.28
20
1.44
0.38
25
2.98
0.51
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emission assessment: Case V
|V U FP OE | V U FP OE,stat
95% value 95% value
0.27
0.25
0.61
0.57
1.12
1.02
1.71
1.60
3.40
3.16



 









Figure 8.9: Phasor representation of VU emission phasors: Case V (15 km line)
In the case of uniformly distributed loads connected at the POE, the resultant
VUFs evaluated using both approaches are seen to be similar in magnitude for both
networks (Cases IV and V) thus supporting the validity of the summation law.

8.3.2 Discussion
Statistical analysis of VU emission assessment based on deterministic approaches
in relation to different radial network configurations as discussed in the proceeding
case studies has shown that the application of the general summation law for the
aggregation of individual emission contributions is not in agreement in a consis-
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tent manner. Thus, the identification of the causes of variations which lead to the
differences and hence the outcomes to the above case studies are required and are
critically discussed in order to revise the general summation law.
Complex VUF based formulation evaluates the resultant VUF at the POE as
the phasor summation of individual emission contributions made by the unbalanced
load and the line asymmetry in the presence of a balanced upstream voltage source.
As discussed in Chapter 7, in relation to the kuE factor studies, the resultant VUF
at the POE will exhibit an increase or a decrease compared to the largest individual
vector depending on the relative phasor orientations of individual emission vectors3 .
However, this simple theory deviates when a large sample of randomly scattered
emission contributions (phasors) are considered. In such a case, the statistically
significant VU emission level resulting from randomly scattered emission phasors is
determined by the most dominant emission vectors and their relative phasor orientations. This aspect has to be addressed when a general summation law is developed
to account for randomly varying unbalance sources. Since, the application of the
existing general summation law disagrees in certain cases as discussed in the above
case studies (Case I and III), it is vital to investigate the phasor representation of
individual emission contributions in terms of polar plots.

8.3.3 Analysis of Polar Plots to Identify the Impact made by Phasor
Distribution on Resultant VUF
As evident from Section 8.3.1, in particular to Cases II, IV and V, statistically
processed VU emission outcomes based on the deterministic approach are seen to
be in agreement with the emission outcomes obtained using the general summation
law adopted in the IEC approach.
In Case II (66 kV network with a normally distributed load at the POE), the
3

line
That is, if the phase angle between V U FPload
OE and V U FP OE is greater than 90 degrees, their
vector summation (V U FP OE ) leads to a value less than the value of the larger contributor and the
line
inverse is true for the situations where the phase angle between V U FPload
OE and V U FP OE is smaller
than 90 degrees.
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relevant polar plots (Fig. 8.4) show that the magnitudes of the V U FPline
OE phasors are
comparatively small (< 0.5%) compared to these of V U FPload
OE phasors (in the range
of 2% - 4%) and restricted to a narrow cluster in the polar plot. Further, V U FPload
OE
phasors are scattered over the 360 degree plane while demonstrating their dominant
emission contribution, resulting the phasor distribution of V U FP OE following the
same pattern of V U FPload
OE .
In Case V (66 kV network with uniformly distributed load), the V U FPline
OE phasors are almost in phase, resulting in a very narrow cluster (Fig. 8.9), but the
contributions made by V U FPline
OE phasors to V U FP OE are comparatively significant
as the contributions made by V U FPload
OE phasors are in the range of 0.5% in magnitude approximately. In this case, V U FPload
OE phasors are mostly concentrated in a
150 degree (approximately) sector and the phasor distribution of the resultant VUF
(V U FP OE ) is further clustered to a smaller sector of 120 degrees due to the influence
made by the phasors corresponding to the line contributions (V U FPline
OE ) which are
more or less uni-directional. Further, if two individual fictitious phasors are derived
line
to represent all individual V U FPload
OE phasors and V U FP OE phasors, the phase angle

between these two vectors will be less than 90 degrees, thus leading to an increase
of the resultant VUF4 in comparison to the individual contributions at the POE.
A similar observation can be made in relation to Case IV (12.47 kV network with
uniformly distributed load) where the summation law is conservative for assessing
resultant VU emission levels at the POE. Both emission contributors (V U FPload
OE and
V U FPline
OE ) are equally significant and clustered in small segments close to each other
(Fig. 8.8) resulting in increased emission levels at the POE.
In Cases I and III (12.47 kV radial network with normally distributed loads)
where there are differences between the VU emission outcomes at the POE obtained
using deterministic and statistical approaches, the phasor distribution of V U FPline
OE
is limited to narrow clusters (Fig. 8.1 and Fig. 8.7), similar to Cases II, IV and V.
However, the overall impact made by V U FPline
OE is relatively more significant com4

line
When considering the vector summation of V U FPload
OE and V U FP OE
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pared to Case II (compare the ratios

V U FPline
OE
V U FPload
OE

for both cases) as the polar plot of

V U FP OE phasors is not similar to the polar plot of V U FPload
OE as discussed in Case II.
Although V U FPload
OE phasors are scattered in a larger sector, the interaction between
line
the two contributors (V U FPload
OE and V U FP OE ) seem to provide some degree of can-

cellation. That is, the phase angle between fictitious VU emission phasors which
line
are developed to replace the group of V U FPload
OE phasors and the group of V U FP OE

phasors is greater than 90 degrees. This arrangement of phasor distribution leads
to a reduction in V U FP OE in comparison to the magnitude of the most influential
emission contributor V U FPload
OE .
Based on the above analysis, some observations can be made to identify the
conditions to be satisfied in order to use a general summation law for the aggregation of scattered unbalance levels which are generated by randomly changing loads.
Accordingly, if two groups of randomly scattered VU sources are considered, the
application of a general summation law is applicable where:
• the contribution made by one set of emission vectors is comparatively insignificant compared to the influential contributor (e.g. Case II - influence made by
V U FPline
OE is very small) and/or
• all emission phasors are scattered in a small segment leading to an increase of
the resultant emission level compared to the most influential contributors (i.e.
when fictitious single emission phasors are derived to replace all individual
emission phasors in a group, the phase angle between those two fictitious
phasors should be smaller than 90 degrees) (e.g. Case IV and V).
These conditions can be mathematically reviewed by considering the deterministic formulation on VU emission assessment as discussed in the proceeding section.
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8.3.4 Analysis of the Deterministic Formulation in relation to the
Statistical Outcomes
According to the deterministic methodology presented in Chapter 3, load contribution is given by (8.6) (reproduction of (3.15)) and the contribution made by line
asymmetry is given by (8.7) (reproduction of (3.16)).

V U FPload
OE = (V U FP OE − CU F )
V U FPline
OE = −

Vreg-line
(1 + Vreg-line )

(8.6)

Z21,t Vreg-line
Z11,t (1 + Vreg-line )

(8.7)

As used in Section 7.2.25 , the V U FPload
OE can be modified as given in (8.8) noting
that the magnitude of the CU F is much larger than that of the V U F in practice.

V U FPload
OE = (−CU F )

Vreg-line
(1 + Vreg-line )

(8.8)

line
Magnitudes of V U FPload
OE and V U FP OE can be evaluated using (8.6) and (8.7)

respectively knowing the CUF and the allowable voltage regulation of the line as
scalar quantities in addition to the known ratio of the negative-positive sequence
21,t
) of the transmission line.
coupling impedance to positive sequence impedance ( ZZ11,t

Thus, the most influential or the significant emission contributor can be identified
and accordingly a ratio can be established to determine the least significant contribution to most significant emission contribution (ie. the ratio

V U FPline
OE
V U FPload
OE

assuming

line
V U FPload
OE is more significant; the opposite is true for the case where V U FP OE is

more significant).
According to the modified V U FPload
OE given in (8.8), the phase angle between load
and line contributions is equal to the phase angle between the two vector quantities
CU F and the ratio of

Z21,t
.
Z11,t

Evaluation of the approximate phase angle between load

and line contributions can be used to determine whether the resultant emission at
the POE is leading to an increase or a decrease from the most significant individual
5

Derivation of kuE factor to apportion the total emission between load and line asymmetries
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line
contributor (i.e. V U FPload
OE or V U FP OE ). That is, relative phasor orientation between
line
V U FPload
OE and V U FP OE is important in the evaluation of the phasor summation.

Based on the above findings, a revised general summation law can be developed
as discussed in the following section.

8.4

A Refined General Summation Law for Aggregation of
Randomly Varying Voltage Unbalance Levels

This section describes a revised general summation law which overcomes the shortcomings in the existing approach as discussed in Section 8.3. Here, emphasis is
given to the observation that the randomly scattered VU emission phasors do not
distribute over the entire 360 degree plane at all times, thus clustered emission phasors lead to a statistically significant dominant emission contribution influencing the
resultant VU emission at the POE. Therefore, a new coefficient can be introduced
to signify the contribution made by individual VU sources on the resultant VU
emission depending on the network specifications as discussed below.
The existing statistical approach for the evaluation of the resultant VU factor
using the application of the well known (IEC) general summation law is:

V U FP OE =

qX
α

(V U Fi )α

(8.9)

where α = 1.4 and V U Fi is the ith source of unbalance.
The proposed statistical approach for the evaluation of the resultant VUF using
the application of the modified general summation law is:

V U FP OE,stat =

qX
α

Ki (V U Fi )α

(8.10)

where α = 1.4 and Ki is a coefficient which functions as a weighting factor on
the influence made by each contributor depending on its magnitude and phasor
orientation.
line
When the VU emission contributors (V U FPload
OE and V U FP OE ) are considered
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in relation to the VU emission assessment in radial networks with passive loads
connected at the POE, the coefficient Ki can be selected as provided in Table 8.9
giving due consideration to following aspects.
• summation of the scattered VU emission phasors is influenced by the relative
line
phasor orientation of both contributors (V U FPload
OE and V U FP OE ) which is

approximately given by the phasor angle between CU F and

Z21,t
Z11,t

.

• summation of scattered VU emission phasors is further influenced by the significance of both contributors which can be evaluated using the ratio of magnitudes of individual contributions as discussed in Section 8.3.4.

8.4.1 Selection of Weighing Coefficients Ki in the Modified General
Summation Law
To establish a selection criteria of weighing coefficients (Ki ), the following notations
are used in relation to the individual emission contributions made by load and line
asymmetries of a given radial network configuration.
• A - Most significant contributor making an emission contribution of “a” (magnitude)
• B - Least significant contributor making an emission contribution of “b” (magnitude).
Thus, the ratio of least significant emission contribution to most emission contribution is given by ab . Ki coefficients can be selected from Table 8.9, based on the
phase angle between two emission contributors (given by the angle between CU F
and

Z21,t
)
Z11,t

and the ratio of

b
a

which governs the influence of each emission contributor.

It is to be noted that the proposed formulation including the selection of the coefficient Ki was validated using extensive simulations although not derived through
rigid fundamental theories.
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Table 8.9: Selection of Ki coefficients for a radial network with passive loads
Emission
con- Ki coefficient
tributor
Phase angle between Phase angle between CU F
< 90 deg and ZZ21,t
> 90 deg
CU F and ZZ21,t
11,t
11,t
b
Ratio ( a )≤0.5 Ratio ( ab ) > 0.5
Most significant 1
1
1
contributor A
Least significant 1
-1
-0.3 to -0.6
contributor B
Existing summation law Modified summation law
Figure 8.10 gives an illustration of the process involved in the selection of the
coefficients Ki required for the evaluation of the statistical value of the resultant VU
emission level at the POE.
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VU emission made by
most significant
contributor (A)
VU emission made by
least significant
contributor (B)

Determine angle between
A and B as specified in
Section 8.4.1
Ki = 1

Angle
between
A and B > 90
deg

NO

α =1.4

Resultant VU
emission
VUFPOE,stat

α =1.4

Resultant VU
emission
VUFPOE,stat

α =1.4

Resultant VU
emission
VUFPOE,stat

Ki = 1
YES

Determine ratio of (b/a) as
specified in Section 8.4.1
Ki = 1

Ratio
of (b/a)
> 0.5

NO

Ki = -1
YES

Ki = 1

Ki = -0.3
to -0.6

Figure 8.10: Overview of the coefficient Ki selection process and the evaluation
procedure of the resultant VUF

8.4.2 Validation of the Modified General Summation Law in relation
to VU Emission Assessment
Statistical outcomes of the VU emission assessment in relation to the radial network
configurations discussed in Section 8.3 which showed some discrepancy over the
deterministic outcomes are re-evaluated employing the modified summation law in
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this section.

Case I Study (12.47 kV network with normally distributed load given
by load I configuration):
Application of the modified general summation law requires the selection of an
appropriate Ki coefficient depending on the network configuration. Referring to the
polar plot (Fig. 8.1), the phasor angle between load and line contributions can be
noted to be greater than 90 degrees6 . Polar plot analysis (Fig. 8.1) as well as the
statistical outcomes of VU emission summarised in Table 8.4 shows that the most
V U F line

OE
significant emission contribution is due to the load. Hence, the ratio of | V U FPload
| can
P OE

be determined using the data entries (95% probabilistic levels of individual emission
V U F line

OE
| is less than 0.5 (this
contributions) of Table 8.4. The corresponding ratio | V U FPload
P OE

ratio varies from 0.3 to 0.5 when the line length increases). These findings suggest
that the coefficient Ki should be selected as -1.
Table 8.10 shows the revised emission assessment outcomes which are evaluated
using the application of modified general summation law (for this case V U FP OE,stat =

α
line α α
as the Ki = -1).
|V U FPload
OE | − |V U FP OE |
Table 8.10: Modified probabilistic outcomes of VU emission assessment: Case I
line length |V U FP OE | V U FP OE,stat 95% value
km
95% value Modified
Existing sumsummation
mation law
law
1
0.34
0.30
0.52
2
0.74
0.70
1.15
3
1.31
1.32
1.94
4
2.04
2.12
2.95
5
3.14
3.35
4.34
6

The phase angle between load and line asymmetries is approximately equal to the angle between
Z21,t
Z
. Referring to the 12.47 kV line impedance matrix, the ratio, Z21,t
can be
the CU F and Z11,t
11,t
calculated (0.08∠ − 34)
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Case III Study (12.47 kV network with normally distributed load given
by load II configuration):
A similar procedure has been adopted to re-evaluate the statistical value of the resultant VU factor at the POE (V U FP OE,stat ). In this case, both emission contributions
load
(V U FPline
OE and V U FP OE ) significantly influence the resultant VU emission at the
V U F line

OE
| greater than 0.5 (this ratio approximately
POE thus making the ratio | V U FPload
P OE

varies from 0.68 to 0.75 for different line lengths considered). The phase angle between the CU F and

Z21,t
Z11,t

is greater than 90 degrees. Therefore Ki can be selected

as 0.4 considering the variation of the magnitude ratio ( ab ). The corresponding VU
emission assessment outcomes are summarised in Table 8.11.
Table 8.11: Modified probabilistic outcomes of VU emission assessment: Case III
line length |V U FP OE | V U FP OE,stat 95% value
km
95% value Modified
Existing sumsummation
mation law
law
1
0.29
0.29
0.48
2
0.58
0.56
0.95
3
0.9
0.81
1.40
4
1.18
1.03
1.82
5
1.52
1.32
2.25

8.5

Chapter Summary

The work presented in this chapter focused on the development of a revised statistical approach for VU emission assessment. In this regard, application of the existing
general summation law was reviewed employing the deterministic methodology developed for evaluating the post-connection VU emission in radial power systems.
The concept of random variations of voltage unbalance was investigated by simulating randomly varying unbalanced loads subjected to a specified distribution.
Considering a simple radial network with a passive load at the POE, deterministic
outcomes were compared against the statistical outcomes of post-connection VU
emission at the POE. These analyses led to the conclusion that the existing general
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summation law is not applicable in all cases, especially when the emission phasors
are not scattered on the 360 degree plane (i.e. when emission phasors are clustered
in small segments). In the IEC approach, α is derived as 1.4 considering the fact
that emission vectors are entirely scattered on the 360 degree plane [1]. Thus, the
emphasis has been given to evaluate the influences made by individual contributions
together with different weighting factors. Accordingly, a modified general summation law was established specifying the selection criteria of influence coefficients for
different network configurations. The new methodology was validated by considering
radial networks with passive loads connected at the POE.

Chapter 9
Conclusions and
Recommendations for Future
Work
9.1

Conclusions

The main thrust of this thesis was to develop an insight on, and make contributions
to, the process of VU management of power systems. Conceptually, this essentially
requires the distribution of the total VU absorption capacity of the power system
between all contributors (loads and lines) of unbalance. In this regard, the primary
focus has been on the development of VU emission assessment techniques at the postconnection stage of installations covering both radial and interconnected networks.
These deterministic methodologies provide contributions to further improve the IEC
Technical report IEC/TR 61000-3-13:2008 which prescribes guiding principles on the
allocation of individual emission limits to unbalanced installations.
The generalised outcomes and findings of VU emission assessment techniques
are used to enhance the understanding of some of the key aspects discussed in
the IEC VU emission allocation methodology and hence further improvements are
suggested. Accordingly, VU propagation, which takes into account the effect of
background/upstream unbalance at the POE, the kuE factor approach in sharing
158
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unbalance between load and network asymmetries and the application of a summation law for aggregation of randomly varying unbalance emission vectors, are
reviewed identifying the dependencies of these factors/approaches on various system parameters. Further, novel methodologies are established based on the rigorous
outcomes of VU emission assessment techniques in order to address the implications
of the use of existing approaches.
The preliminary investigations on VU emission assessment were carried out by
considering radial networks with different types of loads connected at the downstream busbar. Complex VUF based theoretical formulations were developed to
assess constituent components of post-connection VU emission at the POE (downstream busbar) as identified by the contributions made by load asymmetry, line
(network) asymmetry and the upstream unbalanced source in such a way asymmetries associated with individual emission contributors are governed by the respective
decoupled formulation. Proposed methodologies utilise snap-shot based pre- and
post-connection voltage/current measurements together with known system parameters. Major findings of the VU emission assessment process in relation to radial
networks can be summarised as follows:
• The contribution made by the network asymmetry on the total VU emission
at the POE has been evaluated as a decoupled quantity using the negativepositive sequence impedance (Z21,t ) which reflects the inherent asymmetry of
the transmission line.
• In the case of passive loads connected at the POE:
– The contribution made by the load asymmetry is governed by the factor
V

which is a measure of load unbalance (CU F ).
((V U FP OE −CU F ) 1+Vreg-line
reg-line
– The contribution made by the upstream unbalance (represented as an
unbalanced voltage source at the upstream busbar) is found to be equal
to the VUF of the upstream source (V U Fsource ). That is, total upstream
unbalance is propagated to the downstream without any attenuation.
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• In the case of three-phase induction motor loads connected at the POE:
– The ability of induction motors to attenuate the VU emission at the
POE was proven by quantifying the improvement as given by the factor



Z2,m
Z1,m +Z11,t
.
Z1,m
Z2,m +Z22,t
– The effect of upstream source unbalance which is propagated to the POE
(V U FPsource
OE ) has been separated as a known fraction of V U Fsource of which
the scaling factor is determined using the sequence impedances of the
motor and the line.
– For the case where load comprises multiple induction motors at the POE,
a modified formulation was developed to evaluate individual contributions
which incorporate equivalent motor parameters.
– It was demonstrated that induction motors with different power ratings
are shown to give rise to the same VU emission levels when a line is
loaded equally while maintaining the same voltage regulation of the line
for a given line design.
– The VU emission contribution made by a group of small induction motors
at the POE was shown to be nearly equal to the emission contribution
made by a single large induction motor of the same total power capacity
of the group of small motors irrespective of motor operating voltage.
One of the main objectives of this thesis was to identify the decoupled effects
made by concurrently existing sources of unbalance on the total VU emission at
individual busbars in interconnected networks. This was accomplished by developing deterministic methodologies to evaluate constituent components of total VU
emission at busbar levels by extending the concepts and approaches of VU emission assessment in radial networks. Proposed methodologies presented a broader
classification on the identification of VU emission contributors at the busbar under
assessment, giving emphasis to the discrimination of VU emission between customer
and network responsibilities. Accordingly, the resultant VU emission at a given bus-
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bar is established as a summation of decoupled emission contributions recognised as
(a) contribution made by local load asymmetry, (b) contribution made by local line
asymmetries and (c) contribution made by local busbar voltage asymmetries (taking
into account the effect of VU propagation from surrounding busbars to busbar under assessment). Further, the proposed methodologies utilised only post-connection
voltage/current measurements at busbars along with the known system parameters
ensuring that such data can be relatively easily established.
Similar to the case of radial networks, the contribution made by line asymmetries
was characterised by the negative-positive sequence coupling admittance of a line.
Load contribution was evaluated employing the current unbalance factor in the
case of passive loads whereas in the case of three-phase induction motors, the use
of decoupled negative sequence admittances demonstrated the VU compensation
effect.
A case study on the application of the proposed VU emission assessment methodology was presented, considering a 66 kV interconnected sub-transmission network
which shows significant unbalance levels at some of its busbars. By analysing constituent components of net unbalance levels at individual busbars which were obtained by employing proposed methodologies, dominant emission contributors were
identified as line asymmetries. Further, line transposition options were proposed as
VU mitigation options, ranking the contributions made by individual untransposed
lines. The outcomes of this theoretically rigorous methodology were noted to be in
good agreement with those obtained through the use of the previously developed
‘negative sequence voltage unbalance emission vector’ approach which was not based
on a rigorous theory.
The concept of VU propagation which was used in the IEC VU emission allocation methodology was reviewed and formalised approaches were proposed using
the rigorous outcomes of VU emission assessment methodologies. Referring to the
VU emission assessment outcomes, the influence made by upstream/surrounding
busbar unbalance on the resultant VU emission at the POE was identified as a con-
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stituent component of the total VUF at the POE and was quantified as a fraction
of upstream/surrounding busbar VUF. Thus, VU propagation coefficients were established in the form of generalised expressions which contain known network and
load parameters for different types of loads connected at the POE. Further, it was
demonstrated that the VU propagation coefficients can be treated as scalar quantities.
Based on the emission assessment outcomes of radial networks, the IEC kuE factor
approach on sharing VU between load and line asymmetries was further investigated.
It was shown that the separation of post-connection VU emission into its constituent
components allows the determination of kuE and k0uE factors independently. This
process revealed that these factors are highly dependent on the load type. Further,
the basic relationship used in the IEC approach kuE +k0uE = 1 was demonstrated to
be valid only when these factors are considered as vector quantities.
• In the case of passive loads and mixed loads connected at the POE, kuE was
shown to be dependent on the level of load unbalance (expressed using current
unbalance factor) even for a load with a fixed capacity. Further, kuE and k0uE
(normalised quantities of load and line contributions) are highly dependent on
load
line
the phasor angle between two phasors V U FPOE
and V U FPOE
which determines

the net unbalance emission at the POE that is used for normalisation.
• When three-phase induction motor loads are connected at the POE, a respective kuE cannot be defined since induction motors do not require any allocation. On the other hand, the total emission is attenuated by the connection
of induction motors. This situation results in k0uE = 1.
VU emission assessment outcomes in radial networks were used to develop a
statistical model on VU emission assessment by reviewing the IEC concept on summation of voltage unbalance. Detailed analyses show that the existing summation
law is not conservative in some cases where the phasor distribution of VU emission is
limited to small clusters. Thus, the general summation law was revised to aggregate

163
randomly changing unbalance levels by proposing different influence factors to scale
the individual emission contributions made by different sources.

9.2

Recommendations for Future work

Although the main research outcomes provide recommendations and further improvements to the compliance assessment as a part of the IEC VU management
process in IEC/TR 61000-3-13:2008, further investigations can be carried out to
improve the usability of the proposed methodologies under practical considerations.
In particular, the continuous, diverse behaviour of the power system limits the application of these methodologies to snap-shot based evaluations. Therefore, real
time system data analysis using state estimation based techniques can be adopted
to account for the diverse behaviour of the power system.
The deterministic methodologies of VU emission assessment for both radial and
interconnected networks as described in this thesis can be applied in practical environments by using modern power quality instrumentation. GPS synchronised
power quality instruments that are programmed with the proposed algorithm can
take snapshot based measurements (voltage, current) and by using system data and
system status that are being continuously updated (e.g. changes in network configurations), VU emission assessment can be carried out in real time. Such a scheme will
allow network service providers to automate the VU emission assessment process.
Further, the development of a statistical analysis method (work presented in
Chapter 8) can be extended to interconnected networks to determine the validity
of application of the general summation law in relation to aggregation of numerous
sources of unbalance. Accordingly, formalised statistical models can be developed
for VU emission assessment which can be easily adopted in IEC documents to cover
compliance assessment. Such models will facilitate the foundation for economic
analysis in electricity markets in relation to voltage unbalance adopting uncertainties
involved in the power system.
The proposed VU emission assessment methodologies quantified the VU com-
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pensation effect provided by three-phase induction motors at the POE. Thus, similar
to the kuE factor approach in sharing VU between load and line asymmetries, a new
concept can be developed to quantify the enhancement of total VU emission absorption capacity of the system by the connection of three-phase induction motors
which can be useful in developing power quality market aspects to reward induction
motor loads for helping to correct pre-existing voltage unbalance levels.
The quality of power supply has direct cost implications on the customers depending on the nature of load in the customer premises. Theoretically, it is expected
that the costs associated with the supply quality should play a significant role in determining the spot prices. The explicit consideration of costs associated with power
quality disturbances such as VU can be thought to be important while determining
the spot prices. Therefore, it is envisaged that a new index may be developed to
quantify the responsibilities of different stakeholders for the initiation and propagation of VU in largely interconnected networks. Furthermore, a novel market model
may also be developed with the aid of relevant software tools, which accounts for
the economic aspects associated with market-driven incentives to provide mitigating
measures to ensure VU is maintained at acceptable, minimal levels throughout the
network.
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Appendix A
Sequence Currents in the Radial
System: Proof of (3.4) and (3.5)
Referring to the radial power system shown in Fig. 3.1, positive and negative sequence voltages at the POE (U1,rec and U2,rec respectively) can be expressed in terms
of load current and load impedance (ZL = Zrec ) as shown in (A.1) and (A.2) respectively.
U1,rec = Z11,rec I1 + Z12,rec I2

(A.1)

U2,rec = Z21,rec I1 + Z22,rec I2

(A.2)

Then, I1 can be derived using the approximation U1,rec ≈ Z11,rec I1 , since the
positive sequence voltage drop of Z12,rec I2 is negligible compared to the contribution
made by the voltage drop given by Z11,rec I1 on U1,rec 1 . Hence, the positive sequence
current, I1 , can be established as;

I1 =

U1,rec
Z11,rec

(A.3)

From (A.2), the negative sequence current, I2 , flowing through the system can
1
Sensitivity studies undertaken using unbalanced load flow studies indicate that the contribution
made by (Z12,rec I2 ) to U1,rec is less than 0.001%.
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be expressed as:
I2 =

U2,rec − Z21,rec I1
Z22,rec

(A.4)

Replacing the positive sequence current I1 in (A.4) with (A.3), the expression
for I2 can be rearranged as follows:

I2 = −

Z21,rec U1,rec
U2,rec
+
Z11,rec Z22,rec Z22,rec

(A.5)

Appendix B
VU Emission Made by Load
Asymmetry: Proof of (3.11)
VU emission that arises as a result of load asymmetries (V U FPload
OE ) as given in (3.10)
is:
V U FPload
OE =

Z21,rec Vreg-line
Z11,rec (1 + Vreg-line )

(B.1)

Rewriting the receiving end (load end) sequence voltages as shown in (B.2) and
(B.3), the ratio of

Z11,rec
Z21,rec

can be calculated as shown in (B.4).

U1,rec = Z11,rec I1

(B.2)

U2,rec = Z21,rec I1 + Z22,rec I2

(B.3)

From (B.2);
Z11,rec =

U1,rec
I1

From (B.3);
Z21,rec =

U2,rec − Z22,rec I2
I1

Z21,rec
U2,rec − Z22,rec I2
=
Z11,rec
U1,rec
176

(B.4)
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Utilising the fact that the positive sequence impedance is equal to the negative
sequence impedance for all passive loads, Eqn. (B.4) can be rewritten as:
Z21,rec
= V U FP OE − CU F
Z11,rec
where V U FP OE is the VU factor at the POE which is given by
the current unbalance factor given by

(B.5)
U2,rec
U1,rec

and CU F is

I2
.
I1

V U FPload
OE can be found by replacing the ratio

Z21,rec
Z11,rec

V U FPload
OE = (V U FP OE − CU F )

in (B.1) with (B.5) as follows:

Vreg-line
(1 + Vreg-line )

Appendix C
Impact of Three-Phase Induction
Motors on the Voltage Unbalance
Emission at the POE
C.1

Analysis of Three phase Induction Motor Operation
under Unbalanced Voltages

Three-phase induction motor performance under unbalanced supply conditions is
evaluated over the full range of motor operating slip from standstill (slip = 1) to
no load operation (slip = 0) in order to examine the impact of induction motor
loading level on VU attenuation (see Section C.2). In this regard, a simplified power
system as shown in Fig. C.1 is simulated considering a special case of symmetrical
transmission line and a known upstream unbalanced source. Details of the radial
power system is as follows:
• System details: 12.47 kV, 60 Hz, three-wire
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Usource

Umotor

I

TX line
Zt

Upstream
source

POC

M

Motor

Figure C.1: Radial power system
• 12.47 kV, 5 km transposed line: Calculated line impedance matrix ([Zabc ]Ω/km)




 0.249 + j0.875 0.059 + j0.498 0.059 + j0.498

 0.059 + j0.498 0.249 + j0.875 0.059 + j0.498


0.059 + j0.498 0.059 + j0.498 0.249 + j0.875







• Induction motor loads: 4-pole, 60 Hz, three-phase induction motors (2.3 kV
2250 hp, 2.3 kV 500 hp and 0.460 kV 50 hp) of which the equivalent circuit
parameters are given in Appendix D.
• Motor service transformers: 12.47/2.3 kV 3MVA, 12.47/0.46 kV 0.5 MVA
three-phase two-winding Yg-Yg connected transformers, leakage reactance of
5% pu.
Referring to Fig. C.1, positive and negative sequence voltages at the source end
(U1,source and U2,source respectively) can be expressed as:

U1,source = (Z1,m + Z11,t ) I1,m

(C.1)

U2,source = (Z2,m + Z22,t ) I2,m

(C.2)

where; I1,m and I2,m are positive and negative sequence currents flowing in the
system respectively. Positive and negative sequence impedances of the motor (Z1,m
and Z2,m ), which are characterised by the motor parameters and operating slip can
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be established as shown in (C.3) and (C.4) respectively referring to the steady state
equivalent circuit of an induction motor [70].

Z1,m = rs + jxs + jxm //


Z2,m = rs + jxs + jxm //

rr0
+ jx0r
s1



rr0
+ jx0r
s2



(C.3)

(C.4)

Where s1 is the positive sequence slip which is equal to motor operating slip (s) and
s2 is the negative sequence slip given by 2 − s.
Fig. C.2 shows the variation of both magnitude and phase angle of Z1,m and Z2,m
over the range of slip from 1 to 0 for a 2.3 kV, 2250 hp three-phase induction motor. As expected, under locked rotor condition, magnitudes of the two impedances
have equal values (Z1,m0 = Z2,m0 = 0.14 pu) which can be calculated using (C.5).
The relevant phase angles of both impedances are close to 90 degrees as expected.
However, as the motor builds up to its normal operating conditions, magnitude
of Z1,m increases whereas |Z2,m | stays almost constant as expected at |Z2,m0 | since
the term (2-s) does not have a significant influence on Z2,m . Similarly, the phase
angle associated with Z2,m remains constant throughout the range of slip values
considered.
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Figure C.2: Sequence impedance (Z1,m and Z2,m ) variation with motor Slip (s) 2.3 kV, 2250 hp, 3 phase induction motor
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Z1,m0 = Z2,m0 = rs + jxs + jxm // (rr0 + jx0r )

(C.5)

Referring to (C.1) and (C.2), since upstream source unbalance and line impedances
are fixed, sequence currents of the motor are inversely proportional to the respective
motor impedances. Therefore, positive sequence current (I1 ) decreases while the
negative sequence current (I2 ) remains constant over the range of slip values considered as shown in Fig C.3 (a). The positive and negative sequence voltages at the
motor terminal (U1,motor and U2,motor respectively) can be established as the product
of its own sequence impedance and the corresponding sequence current flowing in
the system (ie. U1,motor =Z1,m I1,m and U2,motor =Z2,m I2,m ). Substitution of U1,motor
and U2,motor in (C.1) and (C.2) respectively shows the variation of sequence voltages
at the motor terminal over the operating slip as shown in Fig C.3 (b) (ie. U1,source
= Z11,t I1,m + U1,motor ; U1,source and Z11,t are fixed). It is seen from Fig C.3 (b) that
U1 increases as the slip decreases whereas U2 stays constant over the range of slip
values considered.
These observations lead to general conclusions with regard to the operation of
induction motors under unbalanced supply voltages. The absolute values of negative
sequence voltages/currents are not sensitive to the motor operating conditions (i.e.
locked rotor, no load or full load conditions), but positive sequence quantities vary
over the operating conditions which can influence the voltage unbalance at the POE.

C.2

Voltage Unbalance Emission Attenuation Caused by Induction Motors

The VU emission at the POE in terms of VUF given by

U2,motor
U1,motor

can be seen to reduce

from the pre-existing unbalance level (V U Fsource ) as the motor speeds up and reaches
steady state operation. When the motor is lightly loaded (s ≈ 0), the improvement
in the voltage unbalance factor at the POE arises as a result of the increase in U1,motor
and not because of a reduction in U2,motor . The following sub-sections consider the

Motor sequence current (pu)
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Figure C.3: Variation of positive and negative sequence (a). motor current (b).
motor voltage with slip - 2.3 kV, 2250 hp 3-phase induction motor
impact of the loading level of induction motors on voltage unbalance emission in
greater detail employing the aforementioned theory. Due consideration is given to
individual motors and a group of motors having different ratings.

C.2.1 Effects of Different Loading Levels on VU Emission Attenuation at the POE
A sensitivity analysis has been carried out to examine the VU attenuation behaviour
exhibited by three-phase induction motors of different sizes and different loading
levels. The VUF at the POE is evaluated using the previously considered 12.47
kV radial power system. Three individual motors (2.3 kV 2250 hp, 2.3 kV 500 hp
and 460 V 50 hp) were examined in the study. Voltage regulation of the line was
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set to approximately 2.5% at full loading of each of the motors used one at a time
by adjusting the line length accordingly to make a comparison of the resulting VU
attenuation. This refers to a rare case where a very long rural feeder supplying a
small motor (e.g. 50 hp) is to be compared with a shorter rural feeder supplying a
larger motor (e.g. 500 hp). Fig. C.4 shows the variation of VU factors at the POE
for three different upstream voltage unbalance levels (1%, 3% and 6%) as the slip
varies from near the maximum torque point to the zero torque point. The standard
torque-slip curves are also superimposed indicating the rated operating point “A”
and the maximum torque point “B”.
For all three cases, the VU emission caused by respective induction motors are
seen to experience an increase when they are fully loaded compared to lightly loaded
conditions. That is, maximum emission attenuation is available at the point of
no load operation compared to the full load operating point. Further, emission
attenuation levels corresponding to all three motors at their respective rated slip
conditions are seen to be approximately equal (for 6% upstream unbalance level,
V U FP OE ≈ 5%) although the motor power ratings are different. Normally, p.u.
impedances of induction motors which are derived based on own motor ratings are
approximately equal (Z1,m1 = Z1,m2 = ... and Z2,m1 = Z2,m2 = ...) irrespective of
the power rating of the motor. Since the same voltage regulation is maintained in
the three cases, pu impedances of the transmission line are also same for the specific
1,m +Z11,t
2,m
)( ZZ2,m
) to be almost
line design. This makes the VU attenuation factor ( ZZ1,m
+Z22,t

constant making resultant unbalance at the POE approximately the same for all
three cases. Therefore, emission attenuation obtained at the rated slip depends on
the line loading and impedance characteristics (line design) of the line as well.

C.2.2 VU Emission Attenuation Provided by Group of Induction Motors
A modified VU emission assessment criteria for an aggregated motor model given in
(3.25) is used to evaluate the emission contributions made by a group of induction
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motors at the POE. This study facilitates the comparison of emission levels that
arise due to different motor groups (i.e. one large motor against a group of small
motors equivalent in total power rating in both cases). Two independent, threephase induction motor groups of same power capacity connected to the 12.47 kV
radial power system (one group at a time) discussed in Section C.1 are considered
with an untransposed transmission line (line impedance matrix is given below).
Calculated untransposed line impedance matrix ([Zabc ]Ω/km)




 0.249 + j0.875 0.059 + j0.498 0.059 + j0.446

 0.059 + j0.498 0.249 + j0.875 0.059 + j0.498


0.059 + j0.446 0.059 + j0.498 0.249 + j0.875







Two case studies are presented, considering different power capacities and rated
motor voltages. Simulations were carried out using both PSCAD/EMTDC and
DigSILENT PowerFactory simulation platforms.

Case I: Rated Motor Voltages are Same in the Considered Motor
Group
VU emission contribution made by 2.3 kV, 2 x 2,250 hp induction motors is compared
with that of 2.3 kV, 9 x 500 hp. The total power rating of the motor group is 4,500
hp.
Table C.1: Comparison of VU emission contribution made
motor groups - 2.3 kV, 2X2250 hp and 9X500 hp motors
# V U Fsource V U FPOE %
V U FPline
OE %
2X2250 hp 9X500 hp 2X2250 hp 9X500 hp
motors
motors
motors
motors
a 0.0∠0
0.26∠ − 0.28∠ − 0.26∠ − 0.28∠ −
166
169
166
169
b 1.75∠30 0.95∠43
1.01∠42 0.26∠ − 0.28∠ −
167
170
c 2.33∠29 1.35∠41
1.43∠40 0.27∠ − 0.29∠ −
167
170

by different induction
V U FPsource
OE %
2X2250 hp 9X500 hp
motors
motors
0∠0
0∠0
1.19∠36

1.26∠35

1.58∠37

1.68∠35
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Case II: Rated motor voltages are different in the considered motor
groups
VU emission contribution made by a 2.3 kV, 500 hp induction motor is compared
with that of 0.46 kV 10 x 50 hp motors. The total power rating of the motor group
is 500 hp.
Table C.2: Comparison of VU emission contribution made by different induction
motor groups - 2.3 kV, 1X500 hp and 460 V, 10X50 hp motors
# V U Fsource V U FPOE %
V U FPline
V U FPsource
OE %
OE %
1X500 hp 10X50 hp 1X500 hp 10X50 hp 1X500 hp 10X50 hp
motors
motors
motors
motors
motors
motors
a 0.0∠0
0.041∠ − 0.045∠ − 0.041∠ − 0.045∠ − 0∠0
0∠0
173
177
173
177
b 0.58∠30 0.47∠33
0.45∠30
0.041∠ − 0.046∠ − 0.52∠31 0.49∠29
173
177
c 2.33∠29 2.03∠31
1.93∠28
0.041∠ − 0.046∠ − 2.07∠30 1.96∠29
173
177
Application of (3.20) and (3.25) allows decomposition of the total VU at the POE
into its constituent parts: (a) modified upstream source unbalance (V U FPsource
OE ) and
(b) asymmetrical line contribution (V U FPline
OE )) which are tabulated in Tables C.1
and C.2 respectively for the two cases discussed above.
The results show that the VU emission contributions made by different motor
groups of the same power capacity in the same case study (in Case I: 2 x 2250 hp and
9 x 500 hp motors or in Case II: 1 x 500 hp and 10 x 50 hp motors) are approximately
equal. This leads to a general observation that the resultant emission contribution
of induction motors at the POE is governed by the total power rating of induction
motors for a given power network irrespective of the motor group (operating voltage
or number of motors connected or size of individual motors).
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Figure C.4: Variation VU factors at the POE with slip for different upstream VU
emission levels. (a) 2.3 kV, 2250 hp motor (b) 2.3 kV, 500 hp motor (c) 460 V, 50
hp motor

Appendix D
Details of the Radial Test System
This test system is designed mainly based on the data given in [4] and [60]
• System details: 12.47 kV, 60 Hz, three wire
• 12.47 kV untransposed line:
– Tower construction details: 1.143 m flat and horizontal
– Conductor data:
∗ Geometric mean radius = 7.7724 mm
∗ AC resistance = 0.19014 Ω/km
∗ Earth resistivity = 100 Ω.m
• Calculated line impedance matrix ([Zabc ]/km)




 0.2494 + j0.8748 0.0592 + j0.4985 0.0592 + j0.4462

 0.0592 + j0.4985 0.2494 + j0.8748 0.0592 + j0.4985


0.0592 + j0.4462 0.0592 + j0.4985 0.2494 + j0.8748







• Loads:
– Passive load: A 10 MVA/1 MVA three-phase loads with lagging power
factors of 0.85, 0.90 and 0.50 in phases a, b and c respectively.
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– Induction motor load: A 2250 hp, 2.3 kV, three-phase induction motor
of which the equivalent circuit parameters as follows.

Table D.1: 60 Hz, 4-pole, three phase induction motor parameters adopted from
[71]
50
hp 500 hp 2250 hp
motor
motor
motor
Rated voltage - Vrated (V)
460
2300
2300
Rated speed (rpm)
1705
1773
1786
Rated current (A)
46.8
93.6
421.2
Stator resistance -rs (Ω)
0.087
0.262
0.029
Stator reactance - Xls (Ω)
0.302
1.206
0.226
0
Rotor resistance - rr (Ω)
0.228
0.0187
0.022
0
Rotor reactance -Xlr - (Ω)
0.302
1.206
0.226
Mag. reactance -XM (Ω)
13.08
54.02
13.04
2
Motor inertia - J(kgm )
1.662
11.06
63.87

Appendix E
Voltage Unbalance Emission Data
The data which were used to generate phasor diagrams presented in Figs. 3.4, 3.8
and 3.10 are given in Tables E.1, E.2 and E.3 respectively.
line
source
Decoupled VU emission contributions (V U FPload
OE , V U FP OE and V U FP OE ) de-

rived only through the proposed formulation are shown in the tables for brevity.
However, it has been validated that the same values can be obtained through simulations considering specific cases of the simulated power system. That is, making
one component unbalanced at a time, while keeping the rest of the system balanced,
the VU level at the POE gives the contribution made by that individual unbalanced
component.
Table E.1: Voltage unbalance
constant power load
# Simulation results
upstream
VU
at
Source
POE
unbalance
V U FP OE-LF
V U Fsource
%
%
a 0.0∠0.0
0.72∠69.5
b 0.58∠90.2
1.29∠78.2
c 1.0∠120.0
1.72∠103.9
d 2.08∠43.9
3.00∠49.2

emission data used to generate phasor diagrams for
Proposed formulation results
Load con- Line con- Source
tribution
tribution
contriload
line
V U FP OE
V U FP OE
bution
%
%
V U FPsource
OE
%
1.15∠23.0
0.78∠167.9 0.0∠0.0
1.17∠23.2
0.78∠167.8 0.58∠90.2
1.06∠34.0
0.76∠167.7 1.0∠120.0
1.40∠25.2
0.77∠167.8 2.08∠43.9
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VU at POE
V U FP OE-cal
%

0.68∠63.7
1.25∠75.3
1.65∠102.6
2.99∠47.7
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Table E.2: Voltage unbalance emission data used to generate phasor diagrams for
an induction motor load
# Simulation results
Proposed formulation Results
Upstream
VU at POE
Line contribu- Source
VU at POE
line
source
V U FP OE %
tion V U FP OE contriV U FP OE-cal
unbalance
%
bution
%
source
V U Fsource
V U FP OE
%
%
a 0.0∠0.0
0.17∠ − 168
0.16∠ − 168.7 0∠0
0.16∠ − 168
b 0.58∠29.8
0.32∠45.8
0.16∠ − 168.7 0.47∠34.0
0.32∠45.3
c 1.16∠29.6
0.79∠38.7
0.16∠ − 168.7 0.94∠33.7
0.79∠38.3
d 2.33∠29.3
1.72∠35.8
0.16∠ − 168.7 1.88∠33.5
1.73∠35.5

Table E.3: Voltage unbalance
mixed load
# Simulation results
Upstream
VU
at
source
POE
unbalance
V U FP OE
V U Fsource
%
%
a 0.0∠0
0.46∠44.12
b 0.58∠29.8
0.93∠39.08
c 1.16∠29.7
1.40∠37.24
d 2.33∠29.3
2.36∠35.75

emission data used to generate phasor diagrams for a
Proposed formulation results
passive
Line con- Source
load con- tribution
contriline
tribution
V U FP OE
bution
Pload
V U FP OE
V U FPsource
%
OE
%
%
0.86∠21.27 0.43∠178.42 0∠0
0.85∠21.17 0.43∠178.47 0.48∠34.24
0.86∠20.92 0.48∠178.46 0.95∠34.06
0.86∠21.29 0.43∠178.87 1.90∠33.73

VU
at
POE
V U FP OE-cal
%
0.49∠41.06
0.96∠37.6
1.44∠36.22
2.39∠35.14

Appendix F
VU Emission Contribution Made
by Load Asymmetry in
Interconnected Networks: Proof of
(4.12)
Based on the expressions of load currents at busbar 3 (ie. (4.5) and (4.6), the CUF
at busbar 3 (CU F3 =

I2,3
)
I1,3

can be derived as follows.
Y21:L3 Y22:L3 U2,3
I2,3
=
+
I1,3
Y11:L3 Y11:L3 U1,3

(F.1)

For passive loads, positive sequence load admittance and negative sequence load
admittance are equal (ie.Y11:L3 = Y22:L3 ). Therefore, (F.1) can be simplified as
shown below.
Y21:L3
= CU F3 − V U F3
Y11:L3

(F.2)

Thus the VU emission due to load asymmetries can be modified as follows.
Y21:L3
Y11:L3
= (CU F3 − V U F3 )
Y22:33
Y22:33
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(F.3)
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In (F.3), term Y11:L3 can be expressed in terms of nodal bus admittances and normalised positive sequence voltage drop of lines connected to the busbar 3 by equating
positive sequence currents of busbar 3 given in (4.3) and (4.5).

Y11:L3 = Y11:31 Vdrop-t31 + Y11:32 Vdrop-t32

(F.4)

Therefore, the VU emission due to load asymmetries is given by;
Y21:L3
Y11:31 Vdrop-t31 + Y11:32 Vdrop-t32
= (CU F3 − V U F3 )
Y22:33
Y22:33

(F.5)

Appendix G
Details of the Three-bus MV Test
System - Fig. 4.3
• HV: 66 kV, MV: 12.47 kV, 60 Hz, three-wire
• Transmission lines: all lines are considered as identical in configuration and
untransposed (line lengths are shown in Fig. 4.3).
– Positive sequence series line admittance = ( 0.9743 - j3.6568) p.u./km
– Positive-negative sequence series line coupling admittance =( 0.1618 +
j0.2766) p.u./km
• Loads:
– Passive load: 12 MVA, 6 MVA and 3 MVA 3-phase constant power loads
(at bus 1, 2 and 3 respectively) with lagging power factors of 0.95, 0.75
and 0.85 in a, b and c phases respectively.
– Induction motor load: A 2250 hp, 2.3 kV, 3-phase induction motor of
which the equivalent circuit parameters are given in Appendix D.

193

Appendix H
Data of the IEEE 14-bus Test
System (Fig. 4.5)
Note that the impedance/admittance values given in p.u. are based on a 100MVA
base.

Bus

Table H.1: Voltage controlled bus data
Voltage
Minimum
Maximum

number magnitude (p.u.)

MVAr capability

MVAr capability

2

1.045

40

50

3

1.010

0

40

6

1.070

6

24

8

1.090

6

24

Table H.2: Static capacitor data: susceptances
Bus
Susceptance
number

(p.u.)

9

0.19

194

195

Table H.3: Generator and load bus data: three-phase MW and MVAr values
Bus
Generation
Load
number

MW MVAr

MW

MVAr

1 (reference bus)

0

0

0

0

2

40

0

21.7

12.7

3

0

0

94.2

19.0

4

0

0

47.8

3.9

5

0

0

7.6

1.6

6

0

0

11.2

7.5

7

0

0

0

0

8

0

0

0

0

9

0

0

29.5

16.6

10

0

0

9.0

5.8

11

0

0

3.5

1.8

12

0

0

6.1

1.6

13

0

0

13.5

5.8

14

0

0

14.9

5.0

Table H.4: Transformer data: impedances and secondary tap settings (1st and 2nd
bus numbers refer to the primary and the secondary respectively)
Transformer Impedance Secondary tap
number

(p.u.)

setting

4-7

j0.20912

1.022

4-9

j0.55618

1.032

5-6

j.25202

1.073

7-8

j0.17615

1

7-9

j0.11001

1
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Table H.5: Nodal positive sequence voltages
Bus number Magnitude (p.u.) Phase angle (deg.)
1

1.0600

0

2

1.0450

−5.00

3

1.0100

−12.60

4

1.0137

−10.19

5

1.0158

−8.64

6

1.0700

−14.67

7

1.0605

−13.55

8

1.0900

−13.55

9

1.0558

−15.21

10

1.0517

−15.45

11

1.0579

−15.23

12

1.0579

−15.61

13

1.0541

−15.76

14

1.0409

−16.61

Table H.6: Transmission line data: lengths and impedances
Line Length Positive sequence
(km)

impedance (p.u.)

1-2

6.56

0.0158 + j0.0602

1-5

24.17

0.0583 + j0.2220

2-3

21.43

0.0517 + j0.1968

2-4

19.55

0.0471 + j0.1796

2-5

19.27

0.0464 + j0.1770

3-4

19.34

0.0466 + j0.1777

4-5

4.65

0.0112 + j0.0427

6-11

23.21

0.0560 + j0.2132

6-12

29.89

0.0720 + j0.2745

6-13

15.39

0.0371 + j0.1413

9-10

9.51

0.0229 + j0.0873

9-14

31.46

0.0758 + j0.2890

10-11

22.00

0.0530 + j0.2020

12-13

31.37

0.0756 + j0.2882

13-14

40.83

0.0984 + j0.3750

Appendix I
66kV Sub-transmission
Interconnected Study System
Data (Fig. 5.1): Extracted from [4]
I.1

Operating Conditions at the Considered Time Stamp

The impedance values given in p.u. are based on a 100MVA base.

Table I.1: System details
Nominal voltage
66 kV (line-line)
Nominal frequency

60 Hz

Connection type

three-wire

Table I.2: Voltage controlled bus data
Busbar
Voltage
magnitude (p.u.)
S1

1.023

S5

0.975
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Table I.3: Generator and load bus data: three-phase MW and MVAr values
Busbar
Generation
Load

1

MW

MVAr

MW

MVAr

S1 (reference bus)

0

0

0

0

S2

0

0

18.06

0.36

S3

0

0

18.27

7.11

S4

0

0

10.68

5.13

S5

13.50

0

0

0

S61

0

0

0.09

3.99

S7

0

0

33.99

14.52

S8

0

0

5.97

1.89

S9

0

0

1.65

0.24

This represents the operation (balanced) of a static VAr compensator.

Table I.4: Voltage regulator data: impedances and secondary tap settings
Busbar
Impedance
Secondary tap
(p.u.)

setting

S2

0.0014 + j0.0192

1.058

S7

0.0014 + j0.0192

1.111

199

Table I.5: Static capacitor data: susceptances
Busbar Susceptance
(p.u.)
S2

0.0218

S3

0.0597

S4

0.0409

S7

0.1277

S8

0.0130

Table I.6: Generator impedance data
Busbar Sequence impedances (p.u.)
Zero Positive

Negative

S1

0

0

0

S5

j0.5

j0.6

j0.6

Table I.7: Three-phase unbalanced load distribution
Load busbar
S2
S3
S4
S7
Pa (MW)
6.32 6.24 3.87 11.3
Pb (MW)
5.87 6.08 3.43 11.3
Pc (MW)
5.87 5.96 3.37 11.38
Qa ≈Qb ≈Qc
0.12 2.37 1.705 4.84
(MVAr)

over various busbars
S8
S9
2.04 0.57
1.89 0.55
2.04 0.54
0.63 0.08
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I.2

Line Data

Notations:
Z11,t - positive sequence impedance of a line
Z21,t - negative-positive sequence coupling impedance of a line
Table I.8: Lengths and impedances (Z21,t and Z11,t ) of sub-transmission lines
Line Length
Z21,t
Z11,t
(km)

(Ω)

(Ω)

A

67.65

0.065 + j0.617

7.043 + j23.037

B

19.16

0.450 + j0.260

5.031 + j6.677

C

17.83

0.228 + j0.102

1.968 + j6.058

D

71.49

0.740 +j 0.026

8.077 + j23.458

E

19.59

0.114 + j0.245

6.444 + j7.156

F

45.37

1.083 + j0.625

16.129 + j16.129

G

66.29

0.116 + j0.078

22.981 + j22.981

H

56.46

0.021 + j0.022

20.365 + j20.365

I

55.32

1.212 + j0.700

5.865 + j18.051

J

11.40

0.263 + j0.164

1.239 + j3.814

K

15.57

0.041 + j0.067i

1.599 + j5.231

L

80.65

0.197 + j0.226i

28.991 + j28.991

M

83.20

1.096 + j1.565i

13.107 + j26.874

N

21.16

0.414 + j0.176i

4.754 + j7.912

